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PREFACE 


During  the  past  three  decades  many  advances  in  medical  science  have 
profoundly  changed  the  nature  of  medical  practice.  Of  these  advances  one 
of  the  most  far-reaching  has  been  the  application  of  laboratory  methods 
to  the  diagnosis  and  treatment  of  sick  people.  This  has  come  about  through 
the  development  of  chemical  methods  for  the  analysis  of  biological  ma¬ 
terials,  and  through  an  increased  interest  in  the  application  of  concepts  of 
basic  physiology  and  biochemistry  to  the  study  of  the  diseased  organism. 
The  results  of  this  development  have  been  mutually  beneficial  to  the  basic 
sciences  and  clinical  medicine  and  have  greatly  increased  our  knowledge 
of  disease  processes  and  our  ability  to  deal  with  them.  But  it  has  also 
resulted  in  the  fact  that  the  physician  is  faced  with  an  enormous  and 
steadily  increasing  amount  of  physiological  information  and  with  complex 
chemical  tools  for  diagnosis  and  treatment.  He  also  finds  some  diversity 
of  opinion  among  the  experts  in  regard  to  the  use  of  these  chemical  tools. 
It  is  not  surprising,  therefore,  that  physicians  old  and  young  admit  to  a 
certain  amount  of  confusion  in  their  attempts  to  master  these  tools  for 
use  in  their  profession,  and  express  a  need  for  help  in  separating  the  more 
important  from  the  less  important  and  proved  fact  from  mere  opinion. 

This  monograph  is  an  attempt  to  meet  this  need  in  respect  to  one  field 
of  clinical  medicine,  namely,  disturbances  of  body  fluid  dynamics.  No  book 
by  one  author  or  group  of  authors  can  cover  this  subject  either  com¬ 
pletely  or  finally,  for  new  knowledge  is  constantly  being  acquired  and  fresh 
insight  gained.  Furthermore,  the  range  of  clinical  disturbances  included 
in  this  subject  is  so  wide  that  the  clinical  experience  of  no  two  groups  of 
authors  is  likely  to  be  identical.  Nevertheless,  because  of  the  need  stated 
above,  it  seems  worthwhile  to  attempt  to  summarize  present  knowledge 
in  the  field  and  in  the  light  of  this  knowledge  to  analyze  the  experience  of 
one  group  of  workers. 

The  plan  of  the  monograph  is  to  present  first  a  discussion  of  fundamental 
concepts  of  physiology  and  biochemistry  in  this  field,  utilize  these  principles 
in  presentation  of  common  denominators  in  clinical  problems,  disc uss 
specific  disease  entities,  and  end  with  practicalities  in  assessing  and  cor¬ 
recting  disorders  of  body  fluids.  In  this  way  it  is  hoped  that  the  book  will 
be  of  value  both  to  the  student  of  physiology  and  to  the  clinician  seeking 
practical  help  in  the  treatment  of  his  patients;  to  the  former  it  may  sene, 

at  least,  as  an  annotated  bibliography. 

We  are  grateful  to  our  many  colleagues,  past  and  present,  at  the  I  m- 
irsity  of  Pennsylvania  and  the  University  of  Pittsburgh,  whose  critical 
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Historical  Preface 

In  the  field  of  body  fluid  physiology,  as  in  all  other  realms  of  knowledge, 
the  achievements  of  the  present  rest  firmly  on  the  foundations  of  the  past! 
Although  the  authors  of  this  volume  have  made  no  attempt  to  review 
the  subject  in  a  historical  manner,  they  wish  to  acknowledge  their  indebt¬ 
edness  to  the  pioneers  of  the  past  and  to  their  contemporary  colleagues 
who  have  obtained  the  data,  developed  the  concepts,  and  made  available 
the  knowledge  with  which  this  book  has  been  written. 

The  history  of  this  field  of  endeavor  may  be  divided  conveniently  into 
three  periods  of  development:  the  century  preceding  World  War  I,  the 
period  between  World  Wars  I  and  II  (1918-1941),  and  the  present  period 
which  began  a  little  more  than  a  decade  ago  during  the  last  war.  In  the 
first  of  these  periods,  parenteral  fluid  therapy  was  pioneered  by 
O’Shaughnessy  and  Latta  (1832),  biochemical  analyses  of  the  body  fluids 
were  begun  by  Schmidt  and  Bidder  (1850),  and  physiologic  concepts  were 
developed  and  data  obtained.  The  latter  included  the  classic  concept  of 
le  milieu  inlerieur  as  first  promulgated  by  Claude  Bernard  in  1859,  and 
the  reciprocity  of  sodium  and  potassium  transfers  as  observed  by  Bunge 
in  1873.  The  development  of  adequate  analytical  methods  by  such  bio¬ 
chemists  as  Folin,  Van  Slyke,  and  Benedict  prepared  the  way  for  the  sec¬ 
ond  period. 

The  period  between  the  wars  was  perhaps  ushered  in  by  L.  J.  Henderson’s 
contributions,  in  the  field  of  physiological  chemistry,  to  the  understanding 
of  the  body’s  defence  of  neutrality,  and  by  the  application  of  that  knowl¬ 
edge  by  Van  Slyke,  Peters,  and  others  to  clinical  problems.  This  was  the 
period  of  the  birth  and  development  of  the  field  of  clinical  investigation 
in  which  such  workers  as  Peters,  Van  Slyke,  Gamble,  Hartmann,  Aub, 
Albright,  Loeb,  Butler,  Newburgh,  Darrow,  McCance  and  many  others 
brought  the  tools  and  concepts  of  the  laboratory  to  the  bedside  of  the 
patient.  At  the  same  time,  in  the  disciplines  of  the  so-called  basic  sciences 
of  biochemistry  and  physiology,  great  advances  were  made  in  the  under¬ 
standing  of  the  dynamics  and  regulation  of  the  body  fluids  by  such  workers 
as  Starling,  Govaerts,  Macallum,  Adolf,  Krogh,  Richards,  Landis,  Hastings, 
Smith,  Visscher,  Conway,  Gilman  and  others. 

With  the  advent  of  World  War  II  and  the  development  of  atomic  energy, 
the  study  of  water  and  electrolytes  began  a  new  era.  This  era  has  been 
characterized  by  a  tremendous  expansion  of  research  activity.  In  1934, 
10  and  38  papers  on  subjects  in  this  field  appeared  in  the  Journal  of  Clin¬ 
ical  Investigation  and  the  American  Journal  of  Physiology,  respectively , 
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in  1954  the  corresponding  numbers  were  50  and  82  papers.  This  expan¬ 
sion  has  been  due,  at  least  in  part,  to  the  development  of  the  flame 
photometer  for  the  rapid  determination  of  sodium  and  potassium  and  to 
the  availability  of  radioactive  isotopes  for  use  as  tracer  constituents  in 
the  body  fluids.  The  names  of  our  contemporary  fellow-workers  in  this 
field  are  too  numerous  to  mention  individually  but  will  be  found  in  the 
bibliographies  throughout  the  book. 

Prophecy  has  no  place  in  a  historical  note  but  it  would  appear  that  we 
are  on  the  threshold  of  a  tremendous  advance  in  knowledge  of  the  funda¬ 
mental  processes  of  body  fluid  dynamics  and  in  the  application  of  that 
knowledge  to  the  diagnosis  and  treatment  of  sick  people.  It  is  the  hope 
of  the  authors  that  the  present  volume  may  assist  this  advance  in  knowl¬ 
edge  and  may  contribute  to  the  care  of  patients  which  will  result  from  the 
application  of  that  knowledge. 
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PART  I 

Basic  Physiology  and  Fundamental 

Principles 


“Our  stability  is  but  balance,  and  wisdom  lies 
in  masterful  administration  of  the  unforeseen.” 

Robert  Bridges  in  The  Testament  of  Beauty 


Chapter  1 

body  fluid  dynamics 

I.  A  Unified  Concept 

The  body  fluids  consist  of  water  as  the  solvent  and  many  inorganic  and 
organic  substances  as  the  solutes.  The  movements  of  the  solvent  as  well  as 
of  the  solutes  are  involved  in  the  basic  functioning  oi  the  living  oiganism. 
As  beginning  or  end  products  of  the  processes  of  metabolism,  many  of  the 
solutes  are  in  transit  between  the  external  environment  and  the  organism 
or  within  the  organism  itself.  Others  are  more  stable  components  and  con¬ 
stitute  the  milieu,  within  and  without  body  cells,  in  which  these  transfers 
take  place.  The  principal  components  of  the  body  fluids  are  water,  certain 
inorganic  electrolytes,  and  proteins.  These  are  the  main  concern  of  this 
work. 

These  “structural”  components,  however,  constitute  a  dynamic ,  not  a 
static,  structure.  Water  is  constantly  entering  and  leaving  the  organism 
as  well  as  being  produced  by  oxidative  processes  within  the  cells.  Electro¬ 
lytes,  which  are  the  ionized  or  dissociated  forms  of  inorganic  and  organic 
salts,  are  constantly  moving  between  the  organism  and  the  environment  as 
well  as  between  various  parts  of  the  organism.  Protein  is  in  a  continual  state 
of  turnover,  being  formed,  transported  and  broken  down  within  the  body. 
In  this  dynamic  sense,  therefore,  we  are  concerned  both  with  “transfers” 
and  with  the  active  “distribution”  of  these  components  of  the  body  fluids. 
These  terms  will  appear  frequently  in  this  book  and  will  bear  this  conno¬ 
tation. 

The  development  of  a  dynamic  concept  of  the  body  fluids  requires  care¬ 
ful  consideration  of  the  forces  and  processes  that  underlie  the  dynamic 
state.  For  this  purpose  we  must  turn  to  chemistry  and  physics  for  terms 
with  which  to  describe  these  processes.  In  addition  to  describing  chemical 
reactions  of  substances  in  the  body,  chemical  concepts  define  such  phenom¬ 
ena  as  the  dissociation  of  solutes  into  an  electrically  neutral  solution,  the 
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diffusion  of  solutes  between  two  phases  or  two  solutions  with  a  common 
solvent,  and  the  osmotic  pressure  or  force  changes  when  solutes  are  re¬ 
strained  from  diffusing  from  one  phase  to  another.  Physical  concepts  are 
needed  to  define  the  effect  of  hydrostatic  pressures  in  these  fluids  and  to 
describe  the  production,  utilization  and  dissemination  of  energy  by  the 
system. 

Concepts  of  chemistry  and  physics,  however,  are  not  adequate  alone  to 
describe  the  functioning  of  a  living  organism:  physiological  concepts  are 
needed  as  well.  The  latter  delineate  not  only  the  interaction  of  these 
chemical  and  physical  forces  between  systems  and  organs  within  the  body 
but  also  the  relation  ot  these  forces  to  the  processes  that  set  them  in  motion, 
namely,  the  metabolic  reactions  that  create  energy  gradients.  Gradients  of 
concentration,  osmotic  pressure,  and  hydrostatic  pressure  are  developed  by 
energy  transfers  that  alter  the  concentration  of  solutes,  that  “actively” 
transport  certain  solutes,  that  create  and  maintain  heads  of  hydrostatic 
pressure  (principally  through  the  cardiovascular  system),  and  that  lead  to 
exchanges  of  solutes  and  solvents  between  the  organism  and  the  environ¬ 
ment.  As  is  true  of  many  other  biological  and  biochemical  phenomena, 
healthy  functioning  of  the  body  fluids  consists  in  maintenance  of  a  dynamic 
steady  state.  Thermodynamic  equilibrium  is  that  state  in  which  energy 
exchanges  have  reached  their  lowest  level  and  in  a  biological  system  is 
equivalent  to  death.  As  Stetten  (la,  b)  has  put  it  succinctly:  “the  living 
organism  may  be  differentiated  at  a  biochemical  level  from  the  dead  one 
by  its  capacity,  when  supplied  with  exogenous  energy,  to  operate  steadily 
yet  in  disequilibrium.”  This  is  the  dynamic  steady  state  in  which  constancy 
of  composition  is  maintained  despite  a  continuous  turnover  of  the  many 
components  of  the  system.  This  maintenance  depends  upon  free  energy. 
The  energy  to  drive  the  engine  is  supplied  immediately  by  such  components 
as  energy-rich  adenosine  triphosphate;  ultimately  it  is  derived  exogenously 
from  the  sun  by  way  of  organic  foodstuffs.  Thus,  as  von  Bertalanffy  has 
pointed  out  (lc),  the  second  law  of  thermodynamics  is  operative  but  in  an 
open  rather  than  a  closed  system.  The  chief  characteristic  of  life  in  this 
complex  set  of  interreactions  of  physical  and  chemical  forces  would  appear 
to  be  that  in  such  an  open  system  the  pattern  of  energy  expenditure  is  not 
only  orderly  but  also  continually  reproduced.1 

These  considerations  touch  upon  the  infinitely  complex  and  basic  prob¬ 
lems  of  the  nature  of  life  as  manifested  in  the  integrated  dynamics  of  body 
fluids.  It  is  not  the  intention  of  the  authors  to  elaborate  on  these  problems; 
rather  it  is  our  purpose  in  this  chapter  to  present  to  the  reader  a  unified 
working  concept  of  the  dynamic  interactions  of  the  body  fluids.  This  con- 

i  For  a  clear  exposition  of  thermodynamics  as  applied  to  Ii\  ing  sjstf  ms,  the  icadei 
is  referred  to  the  papers  of  Stetten  (la,  b)  and  the  book  by  Blum  (Id). 
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cept  must  be  “working”  in  the  sense  that  the  reader  as  a  student  and 
physician  can  use  it  as  a  background  for  the  intelligent  analysis  of  disturb¬ 
ances  of  the  body  fluids  as  he  sees  them  in  his  patients.  To  this  end  the 
several  phases  or  principal  divisions  of  the  body  fluids  will  be  described, 
the  different  types  of  chemical  and  physical  forces  in  fluid  systems  will  be 
illustrated,  and  the  integration  of  these  forces  in  the  physiological  system 
of  the  mammalian  organism  will  be  presented.  For  earlier  comprehensive 
treatments  of  the  subject  the  reader  is  referred  to  the  writings  of  Peters, 
Gamble,  McCance,  Darrow,  and  others  (2a-i). 


II.  Fluid  Phases  in  the  Body 

A .  In  the  Total  Organism 

In  the  organism  as  a  whole  the  body  fluids  may  be  divided  into  two  main 
phases,  extracellular  and  intracellular  (fig.  1-1).  The  intracellular  phase 
consists  of  the  water  and  the  solutes  within  the  cells  of  the  various  tissues 
and  is  the  site  of  the  metabolic  processes  of  the  body.  The  extracellular 
phase,  as  its  name  indicates,  lies  outside  the  cells  and  forms  their  aqueous 
environment  within  the  body.  To  this  phase  Claude  Bernard  (3a)  gave  the 
name  le  milieu  interieur,  first  recognizing  that  its  function  is  to  maintain 
a  relatively  constant  environment  within  which  cellular  function  can  take 
place.  In  addition,  the  extracellular  phase  is  the  pathway  between  most  of 
the  cells  of  the  body  and  the  organs  of  exchange  with  the  external  world. 


Fl°-  TT  Compartments  of  Body  Fluids 
anPth e'iw8™”.  rep','t'sonts  P™ciPaI  phases  compartments  of  the  body  fluids 
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The  magnitude  of  the  total  body  water  is  approximately  50  to  65  per  cent 
of  the  body  weight.  This  value  varies  mainly  according  to  the  fat  content 
of  the  body;  the  fatter  the  individual  the  smaller  is  the  total  proportion 
of  the  body  weight  which  is  water.  The  extracellular  phase  constitutes 
about  15  to  20  per  cent  of  the  body  weight,  the  exact  magnitude  depending 
on  how  this  phase  is  defined  and  measured.  By  definition,  that  portion  of 
the  body  fluid  that  lies  outside  the  cell  boundaries  is  extracellular.  Experi¬ 
mentally,  however,  the  functional  cell  boundary  may  differ  from  the  ana¬ 
tomical  cell  boundary,  the  former  varying  according  to  which  particular 
solute  is  being  excluded.  Consequently,  it  has  become  customary  to  refer 
to  a  given  extracellular  phase  as  a  “space”  occupied  by  the  solute  under 
discussion  (e.  g.,  chloride,  sodium,  thiocyanate,  inulin).  In  terms  of  function 
the  extracellular  fluid  phase  may  best  be  defined  as  that  portion  of  the  body 
fluid  in  which  potassium  exists  in  a  low  concentration.  The  experimental 
evidence  upon  which  these  concepts  are  founded  is  presented  in  detail  in 
chapter  3. 

The  two  fluid  phases  are  sharply  differentiated  as  to  their  electrolyte  and 
protein  composition  (fig.  1-2).  The  principal  ionic  solutes  of  intracellular 


Extracellular  Intracellular 

fluid  fluid 

( plasma) 


Fig.  1-2.  Electrolytic  Composition  of  Extracellular  and 

Intracellular  Fluid 

The  positively  charged  ions,  cations,  arc  shown  in  the  left-hand  portion  of  each 
bicolilmnar  diagram,  and  the  negatively  charged  ions,  anions,  in  right-  . 

P°in°the  extracellular  fluid  the  principal  cations  and  anions  are  sodium  bicarbonate, 

ions  is  modified  by  the  Gibbs-Donnan  effect. 
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fluid  are  potassium  and  magnesium  as  cations,  and  phosphate  and  protein 
as  anions.  In  the  extracellular  fluid,  sodium  is  the  major  cation  and  chloride 
and  bicarbonate  are  the  principal  anions ;  a  small  amount  of  protein  is 
present  but  is  mostly  in  the  portion  restricted  to  the  vascular  system,  the 
plasma.  Water  appears  to  be  freely  diffusible  throughout  the  body,  moving 
according  to  the  dictates  of  the  hydrostatic  and  osmotic  pressures  of  the 
several  phases.  The  distribution  of  water  between  extracellular  and  intra¬ 
cellular  fluid  depends  on  the  factors  that  regulate  in  each  phase  the  con¬ 
centration  of  those  solutes  which  are  not  freely  diffusible.  The  dynamics 
of  the  movement  of  various  fluid  components  within  the  body  are  discussed 
below. 

The  extracellular  phase  is  further  subdivided  into  at  least  three  compart¬ 
ments:  the  plasma,  the  interstitial  fluid,  and  the  connective  tissue.  The  first 
two  of  these  subdivisions  are  differentiated  by  the  high  protein  content  of 
the  plasma.  They  are  not  greatly  different  in  their  electrolyte  composition 
since  electrolytes  and  water  are  almost  freely  diffusible  across  the  vascular 
wall.  The  ion  concentrations  on  the  two  sides  of  the  membrane  differ  only 
as  required  by  the  Gibbs-Donnan  effect  of  the  nondiffusible  solute,  protein. 
This  involves  a  redistribution  of  solutes  so  that  as  an  end  result  electro¬ 
lytic  and  osmotic  equilibria  are  established.  At  that  point  anions  other 
than  protein  will  be  in  lesser  concentrations  on  the  protein  side  of  the  mem¬ 
brane  and  in  greater  concentrations  on  the  side  opposite. 

The  distribution  of  water  and  electrolyte  between  the  plasma  and  inter¬ 
stitial  subphases  of  the  extracellular  fluid  is  determined  by  the  rela¬ 
tionship  of  hydrostatic  pressures  in  the  capillaries  and  tissues  to  the  osmotic 
or  oncotic  pressures  of  the  proteins  in  accordance  with  Starling’s  law  (3b). 


B.  In  Various  Tissues  and  Organs 

Since  individual  tissues  have  specific  functions,  it  is  not  surprising  that 
they  may  differ  in  respect  to  their  precise  composition  of  water  and  elec¬ 
trolytes  (fig.  1-3)  (4a-c).  Skeletal  muscle  represents  the  bulk  of  soft  tissue 
in  the  body  and  for  this  reason  usually  is  considered  to  be  the  model  of 
body  fluids  as  a  whole.  The  liver  differs  in  that  its  solid  content  varies  over 
a  much  wider  range,  due  to  the  deposition  and  mobilization  of  glycogen 
and  fat.  The  skin  contains  a  higher  proportion  of  extracellular  fluid.  The 
erythrocyte  differs  in  its  sodium  and  potassium  content.  The  cells  of  gastric 
mucosa,  testes,  and  ovaries  contain  more  chloride  than  do  those  of  other 
tissues.  Despite  these  individual  differences,  however,  the  proportions  of 
solids,  intracellular  water,  and  extracellular  water  in  the  various  tissues  are 
similar  enough  to  justify  consideration  of  the  fluids  of  the  whole  body  as  a 

mge  sys  em.  is  simplification  becomes  mandatory  when  dealing  with 
abnormalities  created  by  disease  states.  dealing  with 
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Fig.  1-3.  Relative  Proportions  of  Solids,  Intracellular  and 
Extracellular  Water,  and  Fat  in  Various  Tissues 

of  the  Dog 

From  Harrison,  Darrow  and  Yannet  (4a) 


III.  Internal  Transfers  of  Fluid 

A.  Types  of  Movement  of  Fluid  Components 

The  components  of  a  solution  or  fluid,  the  solutes  and  the  solvent,  move 
along  energy  gradients  that  arise  from  the  specific  activity  or  chemical 
potential  of  the  solvent  (5a).  These  gradients  produce  four  basic  kinds  of 
movement  or  transfers  of  fluid  which  together  account  for  most,  if  not  all, 
movements  of  fluid  within  the  organism  and  the  environment.  These  types 
of  transfer  are  diffusion,  osmosis,  “active”  transport,  and  mass-movement 

due  to  hydrostatic  pressure.  .  f 

1  Diffusion  along  concentration  gradients  is  the  simplest  type  o 
fluid  movement  and  is  illustrated  in  figure  1-4.  When  two  phases  or  portions 
of  a  solution  are  differentiated  only  by  a  change  in  concentration  produced 
as  a  result  of  the  addition  or  subtraction  of  solute  or  solvent  (H2C  ).  u 
solutes  and  solvents  diffuse  in  the  direction  of  their  respective  lower  con¬ 
centrations,  or  along  their  gradients,  until  equilibrium  is  re-established 
It  should  be  remembered  that  the  solvent  has  a  concentration  as  "el  as 
the  solute,  i.  e.,  from  the  standpoint  of  energy  gradients  a  low  concent  a  10 
of  solute  in  relation  to  solvent,  is  a  high  concentration  of  solvent,  m  relatio 
to  solute-  Therefore,  solutes  and  solvents  move  along  gradients  which  are 
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Solutes  o  and  b  diffuse  from  E  to  I 
Ht0  diffuses  from  I  to  E 

Fig.  1-4.  Diffusion  along  Concentration  Gradients 

Phases  I  and  II  are  differentiated  only  by  inequalities  in  concentration  produced 
by  the  addition  or  subtraction  of  solutes  or  solvent  (H20).  Both  solutes  and  solvent 
diffuse  along  their  respective  concentration  gradients  which  are  opposite  in  direction. 

opposite  in  direction.  The  net  result  of  these  shifts  of  solute  and  solvent 
on  the  volumes  of  the  respective  phases  will  depend  upon  the  relative  rates 
or  coefficients  of  diffusion  of  the  solutes  and  solvents  involved.  The  kinetic 
energy  in  the  gradients  is  regarded  as  being  derived  from  whatever  process 
initially  produced  the  change  in  concentration. 

2.  Osmosis  is  the  transfer  of  fluid  in  response  to  osmotic  pressure  exerted 
by  the  restraint  of  a  solute  to  one  of  two  fluid  phases.  This  is  illustrated 
in  figure  1-5.  When  two  fluid  phases  are  differentiated  not  only  by  inequali¬ 
ties  in  concentration  of  solutes  and  solvents,  but  also  by  the  restraint  or 
nontransferability  of  solutes  and  solvents,  the  solvent  transfers  between 
the  two  phases  until  the  respective  concentrations  are  equalized.  The  force 
exerted  by  this  transfer  of  solvent  is  termed  effective  “osmotic  pressure” 
and  may  be  expressed  in  equivalent  units  of  the  hydrostatic  pressure 
which  it  may  oppose  in  a  state  of  equilibrium.  The  energy  in  such  an 
osmotic  gradient  is  derived  from  the  process  that  led  to  the  change  in  con¬ 
centration  of  the  restrained  solutes.  This  definition  of  osmosis  holds  irre¬ 
spective  of  the  nature  of  the  restraint  placed  upon  the  solute,  i.e.,  whether 
it  is  due  to  a  semipermeable  membrane  or  to  an  “active”  process  that 
continuously  transfers  a  solute  in  one  direction. 

3.  “Active”  transport  is  the  movement  of  a  solute  against  a  concen¬ 
tration  gradient.  Such  a  transfer  is  called  “active”  because  it  requires  the 
expenditure  of  a  further  increment  of  energy  at  the  site  of  transport.  It  is 
usually  related  to  an  oxidative  metabolic  reaction  and  is  therefore  repre¬ 
sented  in  figure  1-C>  as  being  transferred  by  a  pump  driven  by  oxygen.  The 
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from  I  to  II 

Fig.  1-5.  Osmotic  Transfer  of  Fluid 
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Phases  I  and  II  are  differentiated  not  only  by  inequalities  in  concentration  pro¬ 
duced  by  the  addition  or  subtraction  of  solutes  or  solvent  (H2O),  but  also  by  the 
restraint  of  the  solutes  to  their  respective  phases  (a  to  I  and  b  to  II).  The  freely 
diffusible  solvent  (II2O)  moves  therefore  from  phase  I  with  the  higher  concentration 
of  solvent  or  the  lower  concentration  of  solute  to  phase  II  with  the  lower  concentra¬ 
tion  of  solvent  and  the  higher  concentration  of  solute,  until  the  concentrations  are 
equalized. 


Solute  a  actively  transferred  from  H  to  I 

solute  b  diffuses  from  I  to  II 

Fig.  1-6.  “Active”  Transfer  of  Fluid 
Phases  I  and  II  are  differentiated  by  the  active  transfer  of  a  solute  from  one  to 
the  other  phase  against  a  concentration  gradient,  i.e.  solute  a  from  phase  II  to  phase 
I  The  transfer  is  active  in  that  it  requires  energy  that  is  usually  derived  from  an 
oxidative  metabolic  reaction  and  hence  is  represented  by  a  pump  driven  by  oxygen. 
The  effect  of  the  transfer  is  to  cause  a  diffusion  of  other  solutes  in  the  opposite  direc¬ 
tion  or  to  set  up  an  osmotic  gradient. 

result  of  such  a  process  011  the  other  constituents  of  the  two  fluid  phases 
depends  upon  their  diffusibility.  If  other  solutes  are  freely  diffusible,  they 
will  simply  diffuse  in  the  direction  opposite  to  that  of  the  actively  trans¬ 
ported  solute.  If  not,  an  osmotic  gradient  is  established  with  a  resultan 

shift  of  solvent  as  in  figure  1-5. 
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Ht0  and  solutes  tranfer  from  I  to  I 

Fig.  1-7.  Mass  Movement  of  Fluid  Due  to  Hydrostatic  Pressure 
Phases  I  and  II  are  differentiated  only  by  difference  in  hydrostatic  pressure  as 
indicated  by  the  number  and  height  of  the  arrows.  Solutes  a  and  b  and  the  solvent 
(II2O)  move  along  the  hydrostatic  pressure  gradient  until  the  pressures  of  the  twTo 
phases  are  equalized. 


4.  Mass -movement  of  fluid  due  to  hydrostatic  pressure  gradient 
is  illustrated  in  figure  1-7.  Where  two  portions  or  phases  of  a  solution  are 
differentiated,  not  by  differences  in  concentration  or  transferability  of  solute 
or  solvent  but  by  hydrostatic  pressure,  all  constituents  of  the  fluid  move 
together  from  one  phase  to  the  other  phase  along  the  pressure  gradient 
until  the  pressures  are  equalized.  The  energy  in  this  system  is  derived  from 
the  process  that  sets  up  the  hydrostatic  pressure  gradient. 

5.  Flux  and  turnover  must  be  distinguished  from  diffusion,  osmosis, 
active  transfer  and  mass-movement  due  to  hydrostatic  pressure.  Flux  is 
the  rate  of  movement  in  one  direction  of  an  individual  ion  or  molecule, 
solute  or  solvent,  between  two  phases  by  any  one  of  the  three  types  of 
movement  described  above  (diffusion,  osmosis,  or  active  transfer).  Ions  or 
molecules  of  the  same  fluid  component  may  be  simultaneously  moving  in 
opposite  directions  to  each  other.  If  the  flux  in  one-  direction  exceeds  the 
flux  in  the  other  direction  there  is  a  net  transfer  or  a  net  flux  in  that  direc¬ 
tion.  If  the  flux  in  each  direction  is  exactly  the  same,  there  is  no  net  transfer 
or  net  flux ;  in  these  circumstances  the  rate  of  turnover  may  be  high  while 
the  net  transfer  is  zero.  Turnover  may  be  defined  as  the  absolute  sum  of 
the  flux  in  both  directions. 


B.  Integration  of  These  Basic  Types  of  Fluid  Transfer  in  the  Three-Phase 
System  of  Plasma:  Interstitial  Fluid:  Intracellular  Fluid 

I.  Plasma:  interstitial  fluid.  As  indicated  previously,  the  main¬ 
tenance  of  the  plasma  volume,  or  the  distribution  of  fluid  between  the  two 
subdivisions  of  extracellular  fluid,  is  the  result  of  a  balance  between  eapil- 
laiy  hydrostatic  pressure  and  the  osmotic  pressure  of  the  plasma  proteins 
Mhich  are  almost  entirely  within  the  plasma  side  of  the  capillaries.  This  is 
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the  well-known  Starling's  Equilibrium  (3b).  These  two  major  forces  of 
fluid  transfer  are  modified  to  some  extent  by  the  osmotic  pressure  of  the 
small  amount  of  protein  in  the  interstitial  fluid  and  by  the  hydrostatic 
pressure  in  this  compartment  resulting  from  the  elasticity  of  tissues, 
visceral  capsules,  and  skin.  These  hydrodynamic  factors,  as  indicated  in 
figure  1-8,  a,  determine  the  net  volume  flow  (or  net  flux  or  mass-movement) 
of  fluid  across  the  capillary  membrane.  Normally  such  net  flux  is  relatively 
slow,  amounting  to  about  two  per  cent  of  the  plasma  flow,  compared  to  the 


capillary  tissue  h.p. 


protein  op. 

o  p.  ■  osmotic  p. 

'  1  ”  1  '  h.p  -  hydrostatic  p. 

plasma  interstitial 

fluid 


tissue 


Extracellular  fluid  Intracellular  fluid 

Fig.  1-8.  Diagram  of  Forces  That  Determine  the  Distribvtion  of 
Fluid:  (a)  between  Plasma  and  Interstitial  Spaces,  and  ( b ) 
between  Extracellular  and  Intracellular  1  hases 
Hydrostatic  pressures  are  indicated  by  the  angulated  arrows  outside  the  phases 
of  fluid:  osmotic  pressures  by  the  horizontal  arrows  within.  I.arge  open  circles  repre¬ 
sent  protein  solutes  restricted  lo  the  several  phases.  Small  open  and  solid  arc  es 
represent  ionic  solutes  such  as  electrolytes  restricted  to  the  intracellular  and  extra¬ 
cellular  phases  respectively  by  a  process  of  active  transfer  requiring  energy  and 

exerting  an  osmotic  pressure  accordingly.  i 

The  distribution  of  fluid  between  the  intravascular  plasma  and  the  ext. avast  _ 
interstitial  fluid  in  a  is  determined  by  the  relationship  of  the  hydrostatic  and  oncot 

or  protein  osmotic  pressures  according  to  the  Starling  by  I«>l  "'M5|  ,,  .  , 

„  b  the  fluid  is  distributed  between  the  extracellular  and  intracellu  ar  phases 
mainly  according  to  the  osmotic  pressures  resulting  from  the  active  differentia, 
distribution  of  electrolytes. 
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total  flux  or  turnover  of  small  molecular  solutes  in  each  direction,  these 
substances,  water,  electrolytes,  and  crystalloids  such  as  urea  and  guco.  , 
diffuse  rapidly  back  and  forth  at  flux  rates  that  range  from  10  to  80  times 
Sow  rates  in  plasma.  Diffusion  is  not  unrestricted.  The  rate  depends 
upon  the  ratio  of  the  restricted  diffusion  coefficient  to  the  rate  ol  net  \  o  unit 
flow.  Nevertheless,  for  the  small  molecular  substance  little  ‘  sieving  e  ec 
with  creation  of  concentration  gradients  takes  place  at  physiological  rates 
of  volume  flow  or  net  flux.  Such  is  not  the  case  for  the  large  molecules  ol 
protein  whose  restriction  is  great  at  such  rates  of  volume  flow.  It  is  on  y 
when  the  latter  falls  off  and  filtration  is  slowed  that  the  diffusion  of  protein 
across  the  capillary  membrane  becomes  significantly  increased.  In  these 
circumstances,  e.g.,  shock,  the  protein  content  of  interstitial  fluid  may 
rapidly  rise.  These  concepts  of  exchanges  between  the  two  phases  have 
recently  been  thus  defined  by  Pappenheimer  (5b). 

2.  Interstitial  fluid:  intracellular  fluid.  The  distribution  of  fluid 
between  these  two  phases  depends  primarily  upon  the  osmotic  pressure  of 


the  dissociated  ions  or  electrolytes  and  other  solutes  in  the  respective  phases 
(figure  1-8,  b).  This  osmotic  pressure  is  the  product  of  a  series  of  factors  that 
include  active  transport  of  solutes  across  the  cell  barrier,  consequent  diffu¬ 
sion  of  other  solutes,  and  production,  modification,  or  synthesis  of  certain 
anions  (phosphates  and  proteins)  within  the  cell  that  are  restrained  to  the 
intracellular  phase  by  their  size.  The  energy  for  active  transport  and  for 
the  synthesis  of  the  large  anions  comes  from  the  oxidative  reactions  of 
metabolism.  In  addition  to  osmotic  pressure  of  the  solutes,  electrolytes 
and  proteins,  there  must  also  be  a  hydrostatic  pressure  that  tends  to  limit 
the  passage  of  fluid  into  the  intracellular  phase.  The  integration  of  these 
forces  in  the  three-phase  system  is  illustrated  in  figure  1-9. 

3.  An  “open  system.”  This  three-phase  system  is  open  at  both  ends, 
as  indicated  by  the  broken  arrows  in  figure  1-9.  It  is  this  fact  that  makes 
it  a  dynamic  rather  than  a  static  system,  and  so  modifies  the  application 
of  the  second  law  of  thermodynamics.  It  is  usually  appreciated  that  the 
system  is  open  at  the  plasma  end  where  exchanges  constantly  occur  between 
the  organism  and  the  external  environment.  It  is  less  often  recognized  that, 


to  a  limited  extent,  the  system  is  also  open  on  the  cellular  end,  at  least  with 


respect  to  the  forces  that  effect  transfers  of  water.  Since  the  production  of 
energy  lor  active  transport  and  changes  in  the  number  of  molecular  aggre¬ 
gates,  and  therefore  in  osmotic  activity,  as  well  as  the  synthesis  of  water 
and  other  solutes,  all  take  place  within  the  cell,  it  is  clear  that  the  fluid 
dynamics  of  the  system  can  be  altered  at  this  end.  This  is  clinically  signifi¬ 
cant  in  that  the  fluid  balance  of  the  body  can  lie  altered  by  metabolic  events 
in  the  peripheral  tissues  as  well  as  by  events  in  the  organs  of  exchange  with 
the  outside  world. 
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and  Ht0  with 
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Production  of  energy,  Ht0,  and 
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in  size  of  molecular  aggregates; 
- as  result  of  cellular 


metabolism 
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Extracellular  fluid  Intracellular  fluid 

Fig.  1-9.  Diagram  of  the  Four  Mechanisms  of  Fluid  Transfer  as 
Integrated  in  the  Three-Phase  System,  Plasma. Interstitial 
Fluid: Intracellular  Fluid 

Symbols  are  as  in  the  preceding  figure.  Crosses  (x)  represent  solutes  that  are  freely 
diffusible  throughout  all  three  phases  and  therefore  exert  no  differential  osmotic 

Tlie  broken  reaction  arrows  above  the  plasma  and  above  the  intracellular  fluid 
indicate  that,  with  respect  to  forces  that  effect  movements  of  fluid,  the  system  is 

open  at  both  ends. 

4.  The  differential  distribution  of  ions  between  cells  and  extra¬ 
cellular  fluid.  The  differential  distribution  of  ions  which  is  predominantly 
characterized  by  sodium  being  outside  and  potassium  being  inside  cells,  is 
a  basic  characteristic  of  the  dynamics  of  the  body  fluids.  Many  theoretics 
explanations  have  been  advanced.  In  general  they  may  be  divided  "'to  t"1’ 
categories:  a)  those  based  on  passive  physico-chemical  forces,  and  b)  those 

that  involve  the  active  expenditure  of  energy. 

In  the  former  category  lies  the  older  concept  of  the  cell  boundaiy  as  . 
inert  semipermeable  membrane  through  which  substances  do  or  do  not  pass 
depending  on  their  size.  A  major  difficulty  with  this  concept  lay  m  the 
question  of  how  the  intracellular  constituents  such  as  potassium  get  there 
i„  the  first  place.  The  demonstration  (6a-d)  that  potassium  readily  crosses 
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the  cell  boundary  in  a  constant  state  of  flux,  completely  invalidated  the 
simple  concept  of  the  inert  semipermeable  membrane.  Boyle  and  Conway 
(6e)  attempted  to  circumvent  this  difficulty  by  suggesting  that  the  mem¬ 
brane  is  permeable  to  potassium  but  impermeable  to  sodium  because  o 
the  difference  in  diameter  of  the  two  hydrated  ions.  Since  the  larger  size 
of  the  cellular  anions,  protein  and  phosphate,  restricts  them  to  an  intra¬ 
cellular  position,  the  only  cation  able  to  pass  through  the  phase  barrier, 
potassium,  diffuses  into  the  cell  to  maintain  electro-neutrality,  and  the 
cation  sodium  remains  behind  with  chloride  as  the  principal  extracellular 


anion. 

Boyle  and  Conway’s  theory,  however,  ran  aground  on  the  clear-cut  evi¬ 
dence  that  sodium  does  enter  many  cells,  especially  those  of  skeletal  muscle 
(6f-j).  Dean  (6k)  pointed  out  this  difficulty  and  suggested  that  sodium  is 
free  to  diffuse  into  the  cell  but  is  actively  transported  outward  by  a 
“sodium  pump,”  thus  invoking  the  expenditure  of  energy  to  maintain  the 
differential  ionic  distribution.  Conway  (61,  m)  has  proposed  a  redox  pump, 
i.e.,  an  oxidation-reduction  system  for  the  active  transport  of  sodium 
across  the  membrane  which  is  similar  to  the  active  transport  of  sodium 
across  the  frog  skin  described  by  Ussing  (6n).  Such  active  transport  might 
involve  a  carrier  enzyme  in  the  membrane  that  takes  up  an  electron  from 
a  neutral  intracellular  molecule,  permitting  dissociation  and  diffusion  of 
the  cation  outward.  The  electron  is  then  returned  on  the  negatively  charged 
carrier  to  repeat  the  cycle.  The  Conway  system  and  redox  pump  are  repre¬ 
sented  diagrammatically  in  figure  1-10. 

Recently,  Ling  (6o)  has  attempted  to  explain  more  completely  differen¬ 
tial  ion  distribution  on  a  purely  physico-chemical  basis.  He  hypothesizes  that 
the  separation  of  sodium  and  potassium  by  fixed  negative  charges  on  the 
proteins  takes  place  throughout  the  whole  cell  and  not  at  the  cell  boundary, 
i.  e.,  there  is  no  “membrane.”  This  he  believes  to  be  due  to  the  fact  that 
the  dielectric  constant  of  the  water  between  the  protein  anion  and  the 
cations  is  lower  the  smaller  the  diameter  of  the  hydrated  cation.  Because 
the  diameter  of  the  hydrated  ion  of  potassium  is  less  than  that  of  hydrated 
sodium,  the  former  is  attracted  and  the  latter  is  rejected.  Nevertheless, 
since  metabolic  processes  condition  the  quantity  and  spatial  arrangement 
of  the  protein  negative  charges,  they  must  have  an  indirect  effect  on  the 
differential  distribution  of  sodium  and  potassium. 


Potassium  is  known  to  be  intimately  associated  with  cellular  phosphoryla¬ 
tion  and  the  glycolytic  cycle.  Its  uptake  by  muscle  may  occur  with  the 
action  of  insulin  (7a)  and  it  is  essential  for  the  formation  of  adenosine  tri¬ 
phosphate  (7b,  c).  Its  movement  into  and  out  of  cells  has  been  shown  to 
be  affected  by  a  wide  variety  of  metabolic  inhibitors  and  stimulants  (8a-d) 
It  appears  difficult,  therefore,  to  explain  this  basic  phenomenon  without 
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Extracellular  Cell 


a  b 

Fig.  1-10.  The  Conway  Theory  of  the  Differential  Distribution 
of  Cations  and  Anions  between  Extracellular  Fluid  and  Cells 
In  a  the  cell  boundary  is  depicted  as  a  membrane  permeable  to  small  ions  such  as 
sodium,  potassium  and  chloride  but  impermeable  to  the  larger  intracellular  anions 
consisting  of  proteins  and  phosphates.  Since  sodium  is  “actively”  transported  out¬ 
ward  by  an  energy-driven  pump  (redox),  potassium  is  distributed  primarily  in  cells 
to  maintain  electroneutrality. 

In  b  the  details  are  presented  of  an  oxidation-reduction  system  for  the  active 
transport  of  sodium  ion  through  the  cell  membrane,  as  proposed  by  Conway  (61,  m) 
and  by  Ussing  (6n).  An  intracellular  carrier  enzyme  (Ci)  negatively  charged  with  an 
electron  (e)  carries  the  positively  charged  sodium  to  the  membrane.  Here  a  neutral 
membrane  carrier  (CJ  gains  the  electron  and  so  transports  the  sodium  ion  to  the 
outer  surface  where  dissociation  frees  it  into  the  extracellular  fluid.  Subsequently, 
the  neutralized  intracellular  carrier  gains  back  the  electron  from  the  membrane 
carrier  and  so  is  ready  to  repeat  the  cycle. 


invoking  the  utilization  of  energy.  For  a  complete  discussion  of  this  com¬ 
plex  problem  the  reader  is  referred  to  a  series  of  reviews  (Gk-n,  ha-1). 

C.  The  Cardiovascular  System  and  Internal  Transfers  of  Fluid 

Our  concept  of  the  body  fluids,  however,  must  go  beyond  the  three- 
phase  system  just  outlined.  In  the  mammalian  organism  this  three-phase 
system  exists  in  many  different  tissues  and  organs  which  are  widely  sepa¬ 
rated  from  one  another.  These  spatially  separated  units  of  body  fluid  aie 
connected  only  by  the  extended  lines  of  communication  of  the  cardiovascu¬ 
lar  system.  It  is  an  oversimplification,  therefore,  to  consider  the  body 
fluids  as  single  solutions  contained,  so  to  speak,  m  a  beaker  (ligmc  )• 
The  multicompartmental  character  of  the  body  fluids  is  more  accuracy 
diagrammed  as  in  figure  1-11.  Here  is  emphasized  the  role  o  the  circulation 
as  the  “mixing  apparatus.”  The  several  phases  of  body  fluid  are  homogc  m 
ous  in  composition  only  insofar  as  the  circulation  is  compe 
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Fig.  1-11.  Diagram  of  the  Intracellular  and  Extracellular  Fluids 
of  the  Body,  Including  the  Pathways  of  Internal  Circulation 
and  the  Sites  of  Transfers  with  the  External  Environment 

lhe  multicompartmental  character  of  the  body  fluids  is  emphasized  as  well  as  the 
role  of  the  circulation  as  the  “mixing  apparatus”  for  the  extracellular  fluid.  Fluid 
transfers  of  the  four  basic  types  between  the  fluid  phases  as  diagrammatically  shown 
in  figure  1-10,  involving  the  various  fluid  constituents,  take  place  in  each  of  the  many 
units  of  the  body  fluids.  Loci  of  some  of  the  intracellular  fluids  in  which  changes  in 
composition  may  affect,  directly  or  indirectly,  the  distribution  of  fluids  in  the  body 
as  a  whole  are  indicated  by  letters  a  to  g  inclusive.  (From  Elkinton  and  Squires  (10a).) 


In  each  unit  of  this  multicompartmental  system,  the  four  integrated 
types  of  fluid  transfers,  shown  in  figure  1-9,  are  taking  place.  These  trans¬ 
fers  are  not  only  integrated  in  each  unit  but  also  interrelated  throughout 
the  larger  system.  The  hydrostatic  pressure  gradients  in  capillaries  are 
maintained  by  the  central  force  or  pump,  the  heart,  and  by  the  various 
iactors  that  enter  into  peripheral  vascular  resistance.  Diffusion  and  osmotic 
gradients  set  up  by  exchanges  between  the  plasma  and  external  environ¬ 
ment  are  initiated  by  certain  organs.  The  effects  of  these  gradients  are 
transmitted  to  the  rest  of  the  organism  through  the  circulation  (10a).  This 


18 


BASIC  PHYSIOLOGY  AND  FUNDAMENTAL  PRINCIPLES 


tendency  of  a  solute  to  spread  throughout  the  body  fluids  has  been  termed 
“fugacity”  by  Wolf  (10b).  Such  a  transfer,  however,  is  compounded  of  the 
four  basic  types,  outlined  above,  working  in  this  multi-unit  system.  Thus 
the  exchanges  between  the  body  fluids  and  the  environment  are  entirely 
dependent  on  the  adequacy  of  the  circulation.  Oxygen  and  foodstuffs  can 
only  be  supplied  to  the  cells  from  the  lungs  and-  gastrointestinal  tract  by 
transport  through  the  circulation.  Metabolic  end  products  as  well  as  com¬ 
ponents  of  the  body  fluids  in  the  peripheral  tissues  can  only  be  excreted 
through  lungs,  skin,  gastrointestinal  tract,  and  kidneys  by  transport 
through  the  circulation  and  through  that  portion  of  blood  which  circulates 
through  those  particular  organs.  The  circulation,  therefore,  is  an  integral 
part  of  the  body  fluid  dynamics  with  respect  to  both  internal  and  external 
transfers. 


IV.  Exchanges  between  the  body  Fluids  and  the 
External  Environment 

.4.  Organs  of  Exchange 

The  four  organs  in  which  these  exchanges  take  place  are  illustrated  in 
figure  1-11. 

1.  The  gastrointestinal  tract  is  normally  the  sole  route  of  entry  from 
the  external  environment  of  nutritive  substances  and  of  the  constituents 
of  the  body  fluids.  It  is  the  route  of  egress  of  unabsorbed  solids  from  food, 
of  the  products  of  bacterial  metabolism  in  the  gut,  of  the  excretory  products 
of  the  liver,  and  of  a  major  portion  of  calcium,  magnesium,  and  phosphorus. 
Some  potassium  is  present  in  the  normal  stool  but  there  is  almost  no  sodium 
or  chloride  and  relatively  little  water. 

Exchanges  of  electrolyte  and  water  take  place  primarily  in  the  stomach 
and  small  intestine.  Large  amounts  of  extracellular  water  with  varying 
ionic  patterns  are  transferred  from  plasma  into  the  lumen  of  the  stomach 
and  small  intestine  and  are  reabsorbed  again.  This  fluid  in  the  stomach  is 
more  acid  if  it  comes  from  the  parietal  cells  and  is  more  alkaline,  i.e., 
contains  less  hydrogen  ion,  if  it  comes  from  the  cells  of  the  fundus.  In  the 
small  intestine  the  fluid  secreted,  succns  enter icus,  becomes  progressively 
more  alkaline  as  bicarbonate  displaces  chloride.  The  volumes  ol  these  fluid 
exchanges  are  large,  amounting  to  many  liters  turned  over  in  24  hours  (2d). 
Hence,  any  disruption  of  the  normal  anatomy  or  activity  of  the  gut  that 
leads  to  external  loss  of  these  fluids  results  in  rapid  depletion  of  important 

constituents  of  the  extracellular  fluid. 

The  factors  that  control  the  exchanges  of  fluid  between  plasma  and  gut 
are  not  completely  known.  The  secretion  of  hydrochloric  acid  in  the  stom¬ 
ach  is  complex  and  involves  a  hydrogen  ion  exchange  in  which  caibomc 
anhydrase  may  be  involved  (11a).  In  the  small  intestine  regulation  of  fluid 
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transfer  has  been  postulated  to  depend  on  variations  in  the  relation  of 
osmotic  and  hydrostatic  pressures  in  the  fluids  of  the  lactealsand  gut  lumen, 
respectively  (lib).  A  more  complex  exchange  mechanism  of  water  and 
electrolytes  has  been  suggested  by  Visscher  (12a-d)  and  there  is  no  doubt 
that  the  cells  of  the  intestinal  wall  transport  these  substances  differentially. 
The  progressive  rise  throughout  the  intestine  of  the  ratio  of  potassium  to 
sodium  and  to  water,  reaching  a  mean  potassium :  sodium  ratio  of  about 
5.0  in  the  normal  stool  (12e,  f),  clearly  indicates  these  differential  exchanges. 
Some  evidence  has  been  brought  forward  to  indicate  that  adrenocortical 
insufficiency  and  adrenocortical  steroids  may  modify  the  exchange  of  so¬ 
dium  across  the  intestinal  wall  (12g-l).  Care  must  be  taken,  however,  not 
to  draw  too  close  an  analogy  between  the  cells  of  the  intestinal  mucosa 
and  those  of  the  renal  tubule,  since  the  former  show  little  facultative  ability 
to  modify  their  exchanges  in  response  to  changes  in  the  composition  and 
volume  of  the  fluids  of  the  body  as  a  whole. 

2.  The  lungs,  with  respect  to  structural  constituents  of  the  body  fluids, 
are  entirely  an  excretory  organ.  Carbon  dioxide  is  eliminated  at  a  rate  that 
is  regulated  by  its  partial  pressure  in  the  alveoli,  constituting  the  respira¬ 
tory  fraction  of  acid-base  regulation.  The  alveolar  partial  pressure  is  regu¬ 
lated  by  the  complex  respiratory  mechanism  to  accomplish  the  excretion 
of  metabolically  produced  carbon  dioxide  at  a  basal  rate  of  some  13,000 
millimols  per  day,  an  order  of  magnitude  of  daily  net  turnover  far  in  excess 
of  the  other  constituents  of  the  body  fluids  (see  table  23-1).  Water  vapor 
is  lost  continuously  through  the  lungs,  accounting  for  some  25  per  cent  of 
heat  lost  from  the  body  (13a).  This  water  loss  is  an  obligatory  function  of 
caloric  expenditure  and  continues  with  relatively  little  decrease  in  rate  in 
the  face  of  severe  dehydration  (13b).  Although  this  water  loss  is  insensible, 
as  is  that  vaporized  from  the  surface  of  the  skin  (see  below),  these  two 
routes  of  insensible  water  loss  may  amount  to  800  to  1500  milliliters  of 
water  per  day  in  the  nonfebrile  adult  and  must  be  taken  into  account  in 
maintaining  the  water  balance  of  any  patient. 

3.  The  skin  is  likewise  a  site  of  transfer  to  the  external  environment 
of  certain  constituents  of  body  fluids.  Water  is  vaporized  from  the  skin  in 
a  continuous  manner  as  it  is  from  the  pulmonary  alveoli.  This  fluid  loss 
like  that  from  the  lungs,  bears  an  obligatory  relation  to  caloric  expenditure 
(13a).  When  for  reasons  of  increased  production  of  heat,  as  in  fever  or  mus¬ 
cular  exercise,  or  of  increased  environmental  temperature  more  heat  must 
be  expended,  the  mechanism  of  sweat  comes  into  play.  This  is  a  secretorv 
activity  and  results  in  the  loss  to  the  body  of  sodium,  chloride,  and  potas¬ 
sium,  as  well  as  of  water.  The  concentration  of  these  solutes  in  sweat  is 
hypotonic  w.th  respect  to  extracellular  fluid,  that  is,  more  water  than  salt 
is  lost.  The  precise  concentration  of  these  solutes  is  influenced  by  a  variety 
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of  factors,  including  rate  of  flow  and  acclimatization,  and  by  hormones 
(14a-k).  There  is  clear  evidence  that  adrenocortical  steroids  act  upon  the 
tubular  cells  of  the  sweat  gland  as  upon  those  of  the  kidney,  inhibiting  the 
excretion  of  sodium  and  chloride  and  enhancing  that  of  potassium.  Despite 
the  many  factors  that  influence  the  amount  and  composition  of  fluid  trans¬ 
fers  through  the  sweat  glands,  they  are  relatively  insensitive  to  homeostatic 
needs  and  respond  primarily  to  the  dictates  of  the  heat  transfers  of  the  body. 

4.  The  kidney  is  the  chief  organ  of  regulation  of  the  body  fluids.  The 
exchanges  by  which  this  regulation  is  effected  are  extremely  complex  and 
are  still  the  subject  of  extensive  investigation.  For  many  substances  of 
the  body,  especially  end  products  of  metabolism,  the  kidney  is  an  organ 
of  excretion  or  egress  to  the  external  environment.  For  the  main  structural 
constituents  of  the  body  fluids,  however,  the  kidney  is  primarily  an  organ 
of  regulation.  The  kidney  regulates  not  only  their  concentration  in  relation 
to  one  another,  i.  e.,  water  to  electrolytes,  cations  to  anions,  cations  to 
cations,  and  anions  to  anions,  but  also  the  total  amounts  of  these  constitu¬ 
ents.  This  complex  regulation  is  accomplished  by  the  interplay  of  a)  the 
intrarenal  processes  of  glomerular  filtration,  tubular  reabsorption,  and 
tubular  secretion,  b )  the  circulation  between  the  rest  of  the  body  and 
kidneys,  and  c)  the  nervous  and  hormonal  influences  that  receptors  at  a 
distance  bring  to  play  on  the  kidney  and  on  the  circulation. 


Only  certain  basic  phenomena  of  this  regulatory  mechanism  will  be  out¬ 
lined  here.  For  a  detailed  discussion  of  the  modern  concepts  of  renal  physi¬ 
ology  the  reader  is  referred  elsewhere  (10b,  15a~c).  1  he  intrarenal  processes, 
as  stated  above,  begin  with  the  formation  in  the  glomeruli  of  an  ultrafiltrate 
of  plasma.  This  glomerular  filtrate,  which  approximates  in  a  normal  adult 
the  enormous  volume  of  about  180  liters  per  day,  is  modified  as  it  passes 
through  the  renal  tubules.  1  his  modification  consists  of  leabsorption  of 
various  constituents  from  tubular  filtrate  or  urine  to  plasma,  and  by  secie- 
tion  and  transfer  by  the  tubular  cells  of  certain  constituents  from  plasma 
to  urine.  The  urine  that  arrives  in  the  renal  pelvis  and  bladder  is  the  net 
resultant  of  these  three  processes.  Since  an  average  normal  urinary  output 
is  about  1.5  liters  per  day,  it  is  obvious  that  most  of  the  glomerular  filtrate  is 
reabsorbed  during  its  passage  through  the  tubules.  Thus  about  90  per  cent 
of  the  filtered  water,  sodium,  and  chloride  is  reabsorbed  and  only  about 
one  per  cent  is  excreted.  Homeostatic  regulation  of  these  principal  con¬ 
stituents  of  extracellular  fluid  therefore  lies  in  the  relationship  of  the  quan¬ 
tities  filtered  to  the  quantities  reabsorbed.  In  disease  states  alteration  of 
either  filtration  or  tubular  function,  or  both,  may  disturb  this  relationship 
and  its  regulatory  process.  If  the  abnormal  alteration  of  one  of  these  unc¬ 
tions  cannot  be  compensated  for  by  the  other,  a  state  of  glomerulo-tubulai 
imbalance  obtains.  Thus  marked  reduction  of  the  rate  of  glomerular  fi  * 
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tion  may  contribute  to  sodium  and  water  retention  as  the  tubules  reabsor 
a  greater  proportion  of  these  substances  from  the  filtrate,  as  in  some  types 
of  circulatory  failure.  Or,  tubular  damage  may  lead  to  deficits  of  sodium, 
potassium,  and  water  by  virtue  of  impaired  reabsorption  of  glomerular 
filtrate,  as  in  the  healing  phase  of  acute  renal  failure  due  to  tubular  necrosis. 

In  the  normal  organism,  these  processes  are  subject  to  very  precise 
adjustments,  which  are  effected  primarily  through  regulation  ol  tubular 
transfers.  Not  all  of  these  regulatory  mechanisms  are  known  but  some  of 
them  are  humoral.  The  tubular  reabsorption  of  sodium  and  of  chloride  is 
augmented  by  certain  steroids  of  the  adrenal  cortex,  while  that  of  water 
is  enhanced  by  the  antidiuretic  hormone  of  the  posterior  pituitary  gland. 
Thus,  while  there  may  be  obligatory  reabsorption  of  some  80  to  85  per  cent 
of  water  and  salt  in  the  proximal  and  thin  segments  of  the  renal  tubule, 
the  remaining  15  to  20  per  cent  is  subject  to  facultative  reabsorption  in  the 
distal  tubule  and  possibly  the  collecting  ducts.  The  disease  entities,  Addi¬ 
son’s  disease  and  diabetes  insipidus,  which  ensue  when  the  functions  of 
these  respective  endocrine  glands  are  insufficient,  are  characterized  by 
abnormalities  of  renal  regulation  of  sodium  and  water  excretion.  The 
degree  to  which  these  endocrine  systems  enter  into  normal  physiological 
regulation  and  the  mode  of  stimulation  of  their  receptor  organs  have  been 
only  partially  defined. 

The  regulation  of  production  of  antidiuretic  hormone  by  the  posterior 
pituitary  gland  depends  at  least  in  part  on  certain  receptor  cells  in  the 
hypothalamus.  These  receptors  have  been  shown  experimentally  by  Verney 
(15d,  e)  to  be  extremely  sensitive  to  variations  in  the  total  osmolar  concen¬ 
tration  of  certain  solutes  in  the  extracellular  fluid  that  bathes  them  as  well 
as  to  stimuli  of  other  kinds  such  as  emotion,  pain,  nicotine,  and  alcohol. 
Stimulation  of  these  osmoreceptors  of  Verney  by  hypertonic  solutions  of 
sodium  chloride  resulted  in  an  outpouring  of  antidiuretic  hormone  and  of 
inhibition  ol  a  standard  water  diuresis.  Ibis  mechanism  would  appear  to 
provide  for  the  physiologic  or  homeostatic  regulation  of  water  excretion 

by  the  kidney.  These  receptors  are  represented  diagrammatically  in  figure 
1-11. 


Adrenocortical  regulation  of  tubular  transfers  of  sodium  probably  occurs 
but  the  receptor  mechanism  is  not  known.  In  animals  this  gland  can  be 
stimulated  by  discharges  of  the  autonomic  nervous  system  resulting  in 
epinephrine  release  and  production  of  adrenocorticotrophin  as  well  as 
perhaps  by  more  direct  stimulation  of  the  anterior  pituitary  by  the  central 
nervous  system.  Aldosterone,  an  endogenous  adrenocortical  steroid  which 
is  many-fold  more  potent  than  the  synthetic  desoxycorticosterone  in  its 
effect  on  tubular  transfers  of  electrolytes,  has  recently  been  isolated  by 
Reichstein  (16a)  (see  chapter  5).  This  is  probably  the  natural  hormone  on 
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the  efferent  end  of  this  regulatory  pathway.  However,  the  receptor  organs 
(fig.  1-11)  and  the  \anable  or  variables  in  the  body  fluids  that  signal  the 
need  to  retain  or  to  excrete  sodium,  are  still  the  subject  of  investigation. 
Obviously,  the  excretion  of  water  and  the  excretion  of  sodium  are  closely 
integrated.  This  is  true  despite  the  fact  that  antidiuretic  hormone  appears 
to  have  no  direct  effect  on  the  tubular  transport  of  sodium,  and  desoxy- 
corticosterone  no  direct  effect  on  the  tubular  reabsorption  of  water.  Ad¬ 
renocortical  11-oxy steroids  such  as  cortisone  or  hydrocortisone  influence  the 
renal  tubules  and  so  affect  the  tubular  reabsorption  of  water  as  well  as 
that  of  salt  (1Gb).  Entirely  aside  from  humoral  influences  on  tubular  trans¬ 
fers,  the  conditioning  of  the  excretion  of  water  by  that  of  sodium,  and 
vice  versa ,  occurs  within  the  kidney  under  extremes  of  loading  of  one  or  the 
other.  Prerenal  conditioning  is  the  more  likely  mechanism  of  precise  regu¬ 
lation  and  must  operate  through  the  receptors  such  as  those  mentioned 
above.  Such  regulation  of  the  volume  of  the  body  fluids  is  discussed  below. 

The  regulatory  action  of  the  kidney  on  the  structure  of  the  body  fluids 
is  not  confined  to  water  and  total  extracellular  electrolyte  or  sodium.  It 
shares  with  the  lungs  the  maintenance  of  the  acid-base  equilibrium  of  the 
body  by  physiologic  processes  that  have  recently  been  elucidated  in  detail 
by  several  groups  of  investigators  including  Pitts,  Gilman,  Berliner,  and 
their  associates  (17a-e,  15c).  Under  conditions  of  alkali  excess  when  the  body 
needs  to  dispose  of  cations,  bicarbonate  ion  is  excreted  in  an  alkaline  urine. 
In  acid  or  anion  excess,  a  number  of  interrelated  renal  mechanisms  come 
into  play.  Hydrogen  ion,  secreted  by  the  renal  tubule,  exchanges  for  bi¬ 
carbonate-bound  sodium  and  potassium  in  the  glomerular  filtrate,  as  well 
as  with  one  cation  of  the  dibasic  phosphate.  The  result  is  reabsorption  of 
the  sodium  and  potassium  and  the  excretion  of  an  acid  urine.  The  hydrogen 
ion  in  the  tubule  is  dissociated  from  carbonic  acid  which  is  formed  from 
carbon  dioxide  and  water  in  the  tubular  cell  under  the  enzymatic  stimulus 
of  carbonic  anhydrase.  This  reaction  is  conditioned  by  the  carbon  dioxide 
pressure  and  pH  of  the  body  fluid,  and  so  constitutes  a  finely  adjusted 
renal  mechanism  for  the  regulation  of  acid-base  equilibrium.  Fixed  cations 
of  the  body,  sodium,  potassium,  calcium,  and  magnesium,  are  further 
spared  by  the  renal  tubular  production  of  ammonium  ion.  Since  potassium 
is  involved  as  well  as  sodium  in  the  renal  ion  exchange  mechanism,  under 
some  circumstances  potassium  secretion  bearing  a  reciprocal  relation  to 
hydrogen  secretion,  it  is  apparent  that  intracellular  electrolytes  take  part 
in  the  total  body  response  to  acid-base  stress.  For  a  detailed  discussion  ot 
these  linked  exchanges  and  their  relation  to  cellular  transfers  the  reader  is 

referred  to  chapters  10  and  11.  „  . ,  .. 

This  brief  summary  of  the  renal  regulation  of  body  fluids  outlines  some 
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of  the  processes  by  which  the  kidney  controls  the  quantities  in  the 
body  of  the  various  constituents  of  the  body  fluids  as  related  to  the  total 
solvent,  water,  of  the  various  fluid  phases,  and  as  related  to  each  other . 

B.  Volume  Regulation  and  Homeostasis 

1.  Regulation  of  volume  of  the  body  fluids.  Renal  adjustments  of 
one  constituent  of  the  body  fluids  in  relation  to  another,  as  outlined  above, 
are  more  readily  understood  than  are  those  of  the  total  volume  of  the 
several  phases  of  body  fluid.  This  paradox  is  exemplified  by  the  much 
greater  rapidity  of  excretion  of  either  water  or  salt  when  given  separately 
rather  than  as  isotonic  saline  solution.  Nevertheless  the  kidney  participates 
in  the  regulation  of  volume  as  well  as  the  composition  of  body  fluids,  and 
these  regulatory  mechanisms  are  the  subject  of  much  current  investigation. 

The  evidence  for  separate  mechanisms  of  volume  regulation  has  been 
adduced  in  a  variety  of  ways.  The  renal  excretion  of  water  and  electrolytes 
has  been  shown  to  be  conditioned  by  variations  in  the  body  fluids  remote 
from  the  kidneys.  These  variables  have  included  cellular  hydration,  plasma, 
interstitial,  and  total  extracellular  fluid  volume,  intracranial  volume 
or  blood  flow,  and  cardiac  output.  Changes  in  cellular  hydration  induced  by 
water  deprivation  and  by  hypertonic  solutions  have  been  found  to  be  associ¬ 
ated  with  changes  in  the  rate  of  excretion  of  sodium,  changes  that  are  oppo¬ 
site  in  direction  to  those  predicted  from  the  alterations  in  concentrations  of 
the  ion  in  plasma.  Changes  induced  in  plasma  volume  independently  of  in¬ 
terstitial  volume  may  affect  sodium  excretion.  Intracranial  distension  by 
cuffs  around  the  neck  or  by  recumbency  may  vary  the  rate  of  sodium  excre¬ 
tion.  However,  since  head  down  tilting  reverses  the  effect  of  recumbency,  the 
intracranial  variables  must  be  more  than  pressure  or  volume  changes,  perhaps 
blood  flow.  Intrathoracic  pressure  changes  and  venous  distention  of  various 
peripheral  areas  of  the  body  have  been  shown  to  influence  the  rate  of  sodium 
excretion  by  the  kidney.  Since  all  of  these  variables  have  been  found  to 
operate  independently  of  measurable  changes  in  renal  dynamics  or  plasma 
concentration,  the  conclusion  is  forced  that  some  other  regulatory  mech¬ 
anisms  are  operative  that  involve  receptor  areas  outside  the  kidneys.  The 
means  by  which  these  receptors  effect  changes  in  renal  function  are  likewise 
unknown,  (18a-k).  Humoral  agents  are  involved,  such  as  antidiuretic  hor¬ 
mone  and  adrenocortical  hormones,  although  recent  evidence  indicates 
that  the  latter  hormones  are  not  necessarily  or  always  operative  and  that 
neural  control  of  the  kidney  may  be  a  significant  factor  (181,  m).  Disturb¬ 
ances  in  the  central  nervous  system  have  been  found  to  be  associated  with 
abnormalities  in  sodium  balance  (18n-p)  which  strongly  suggests  a  disturb¬ 
ance  in  receptors  and  pathways  that  regulate  intake  and  output  of  solutes 
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and  water.  Whatever  may  be  the  afferent  and  efferent  stimuli  of  these 
receptors,  there  can  be  no  doubt  of  their  existence  and  in  figure  1-11  at 
least  one  more  receptor  should  be  added  for  volume. 

It  must  be  recognized  that  the  thirst  mechanism  is  an  integral  part  of 
the  dynamics  ot  the  fluid  balance  of  the  body.  Intake  of  water  must  be 
related  to  output.  It  has  been  shown  that  alterations  in  various  dimensions 
of  the  body  fluids,  as  in  sodium  depletion  or  in  certain  stages  of  congestive 
heart  failure  (19a-d),  may  alter  the  normal  response  of  the  thirst  mech¬ 
anism  and  its  relation  to  antidiuretic  hormone  production.  Finally,  the 
peripheral  tissues  themselves,  figure  1-11,  may  directly  affect  localized 
movements  of  water  in  those  tissues  by  changes  in  intracellular  osmotic 
activity  dependent  on  alterations  in  cell  metabolism.  Although  these  are 
purely  internal  fluid  transfers,  they  may  affect  the  exchanges  between  the 
organism  and  the  external  environment. 

2.  Thermodynamic  and  regulatory  concepts.  As  we  conclude  our 
consideration  of  body  fluid  dynamics,  it  is  clear  that  one  of  the  prime 
characteristics  of  the  body  fluids  and  the  organism  as  a  whole  is  the  ability 
for  self-regulation  to  the  end  that  a  steady  state  is  maintained.  For  this 
characteristic,  perhaps  first  formulated  by  Claude  Bernard  (3a),  Cannon 
(20a)  coined  the  term  homeostasis.  Homeostasis  comprises  many  and 
various  dynamic  processes  at  the  cell,  organ,  and  whole  body  level,  described 


and  undescribed. 

The  concept  of  self-regulation,  long  familiar  to  physiologists,  has  recently 
been  the  center  of  renewed  interest  in  the  field  of  cybernetics  or  the  science 
of  communication.  This  field  has  developed  as  the  need  has  grown  tor  regula¬ 
tory  devices  in  mechanical  and  industrial  processes  and  as  the  science  of 
electronics  has  vastly  improved  the  technics  of  communication.  The  writings 
of  Wiener  and  others  provide  source  material  on  the  subject  (20b-d).  From 
cybernetics  the  physiologist  may  borrow  to  his  ad\antage  "vocabulary  as 
well  as  concepts. 

In  figure  1-12  is  shown  the  schema  of  a  self-regulating  mechanism.  The 
input  (A)  directly  affects  the  output  (B);  the  output  (B)  in  turn  auto¬ 
matically  adjusts  input  (A)  by  means  of  a  servomechanism  that  consists 
of  a  reverse  signal  or  feed-back  amplified,  if  necessary,  at  (C).  The  feed-back 
is  termed  negative,  in  the  cybernetic  vocabulary,  because  it  tends  to  cancel 
an  initial  error  in  performance.  This  schema  can  be  used  equally  well  to 
represent  a  revolving  shaft  with  a  governor,  an  automatically  controlled 
industrial  plant  for  the  production  of  chemicals,  or  the  intake  and  excretion 

of  water  by  the  human  body.  . 

A  basic  characteristic  of  any  self-regulating  mechanism  is  oscillation  ot 

performance.  This  is  illustrated  in  figure  1-13  in  which  three  types  ot  osci  - 
lations  are  shown.  When  the  negative  feed-back  just  cancels  the  error  ot 
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input 


output 


Fig.  1-12.  Schematic  Representation  of  an  Automatic  Self-Regulating 

or  “Servo”  Mechanism 


Input  (A)  conditions  directly  output  (13) ;  output  (B)  in  turn  automatically  adjusts 
input  (A)  by  means  of  a  servo-mechanism  consisting  of  a  reverse  signal,  or  feed-back, 
amplified  at  C.  The  feed-back  is  termed  negative  because  it  tends  to  cancel  an  original 
error  in  performance. 


Feed-back  -  ,  output 


Oscillation  : 
a.  steady 


b.  damped 


time  lag 


Fig.  1-13.  Types  of  Oscillation  in  a  Self-Regulating  Mechanism 
The  oscillating  error  of  performance  in  a  system  or  mechanism  is  shown  by  the 
bioken  line;  the  negative  feed-back  by  the  continuous  line.  The  time  lag  between 
the  two  is  the  distance  by  which  the  two  nodal  points  are  separated.  Each  succeeding 
cycle  of  performance  or  output  is  regulated  by  the  preceding  feed-back  signal 
In  a  the  oscillation  is  steady,  each  deviation  of  performance  being  cancelled  by  an 
opposite  and  equal  error.  Tins  system  is  perfectly  adjusted  to  maintain  a  steady 
state.  In  b  the  oscillation  is  being  damped,  i.e.,  the  error  is  being  progressively  di¬ 
minished  and  the  steadiness  of  the  system  is  increasing.  In  c  the  opposite  is  true7 the 

uior  is  'ncreasmg  the  system  is  becoming  unsteady  and  losing  its  self-regulatory 
control.  (Modified  from  Tustin  (20d).)  -g  or^ 
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pei foi mance  (a),  the  oscillation  of  the  system  about  a  mean  is  steady, 
i.e.,  a  steady  state  is  maintained.  When  the  feed-back  signal  leads  to  dimin¬ 
ishing  error  of  performance  (6),  the  oscillations  are  damped  and  the  steadi¬ 
ness  of  the  system  is  increased.  When  the  opposite  is  true  and  the  oscilla¬ 
tions  are  amplified  (c),  the  system  is  becoming  less  steady.  Such  a  process 
unchecked  in  a  biological  system  is  the  antithesis  of  homeostasis  and  leads 
to  death. 

In  the  example  of  water  balance  as  a  self-regulating  physiological  mech¬ 
anism  the  servomechanisms  are  complex.  The  output  of  water  in  excess  of 
electrolyte  controlled  by  the  antidiuretic  hormone  in  the  kidney,  produces 
a  rise  in  extracellular  electrolyte  concentration.  The  rise  in  this  concentra¬ 
tion  feeds  back  to  the  osmoreceptors  in  the  hypothalamus  to  stimulate  the 
production  of  antidiuretic  hormone  (ADH)  in  the  supraoptico-hypo- 
physeal  system,  and  so  the  error  in  output  of  water  tends  to  be  corrected. 
At  the  same  time  this  system  is  linked  to  regulation  of  intake  through 
thirst.  Hypertonicity  of  extracellular  fluid  with  resultant  cellular  dehydra¬ 
tion  stimulates  thirst  and  increased  intake  of  water  as  well  as  the  production 
of  ADH,  (I4f,  21a,  b).  Thus  both  intake  and  output  are  regulated  to  mini¬ 
mize  error  in  water  content  of  the  body.  However,  water  turnover  is  condi¬ 
tioned  by  solute,  especially  sodium,  intake  and  output.  Here  the  whole 
chain  of  regulatory  processes  cannot  be  so  readily  described  because,  as 
indicated  in  the  preceding  section,  much  remains  to  be  learned.  But  solute 
intake  is  certainly  related  to  appetite  and  it  is  not  surprising  that  the  centers 
for  control  of  appetite  apparently  are  located  in  the  hypothalamus  (21c,  d) 
in  close  proximity  to  those  for  thirst  and  antidiuretic  hormone  production. 
It  is  tempting  to  consider  the  possibility  of  describing  all  these  linked  servo- 
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Time  -  doys  :  0  10  20  30  40  50 

Fig.  1-14.  Oscillation  of  a  Steady  State:  tiie  Daily  Basal  Body 

Weight  of  a  Normal  Subject 

The  daily  basal  body  weight  of  a  healthy  adult,  one  of  the  authors,  is  shown  as  de¬ 
termined  53  times  over  56  consecutive  days.  The  standard  deviation  was  ±0.86  lbs 
or  ±0  51  per  cent  of  the  body  weight.  This  represents  maintenance  of  a  steady  state 
within  ±1  per  cent  of  the  total  body  weight.  (Unpublished  studies.) 
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Fig.  1-15.  Diurnal  Variations 

During  each  night  (solid  columns)  a  marked  drop  in  the  urinary  output  of  sodium 
and  potassium  was  recorded  in  this  subject.  DCA  decreased  sodium  output  and  in¬ 
creased  potassium  output  but  did  not  obliterate  the  rhythm.  (From  Stanbury  and 
Thomson  (22b).) 

mechanisms  in  the  organism  in  terms  of  control  of  energy  exchange  with 
the  environment. 

Thus  the  total  body  content  of  solids  and  fluids  is  maintained  in  the 
healthy  adult  at  a  constant  level  with  oscillation  about  a  mean.  In  figure 
1-14  the  daily  basal  weight  of  one  of  the  authors  is  charted  over  a  period 
of  56  days.  The  relative  constancy  again  indicates  minor  but  definite  fluc¬ 
tuations  about  the  mean  value.  In  figure  1-15  is  shown  the  typical  diurnal 
variations  ol  certain  body  fluid  constituents.  The  causal  sequence  of  the 
variation  is  not  clear  (22a,  b)  but  they  undoubtedly  represent  an  oscillation 
within  a  steady  state.  The  same  may  be  said  for  variations  in  the  serum 
concentration  of  many  solutes  as  observed  over  varying  periods  of  time 
(see  chapter  4). 

In  conclusion,  we  are  brought  again  to  the  opening  section  of  this  chap¬ 
ter.  The  dynamics  of  the  body  fluids  are  one  aspect  of  the  integrated 
function  of  the  organism  by  which  a  steady  state  is  maintained  with  the 
aid  of  exogenous  energy  ultimately  derived  from  the  sun.  Matter  whether 
once  or  continually  created  in  the  universe,  ever  moves  in  the  one’direction 
of  greater  randomness  or  increased  entropy.  Thus,  in  thermodynamic 
perspective,  man  becomes  with  all  other  living  organisms  an  island  of 

negative  entiopy  breasting  an  inexorable  downhill  flow  of  energy  in  the 
universe.  Uie 

Summary:  The  fluid  of  the  body  is  distributed  into  two  main  phases  Of 

18  th6t !a'Ser  while  the  extracellular  phase  in- 
mterstitial  fluid,  the  connective  tissue  spaces,  and  the  plasma.  Fluids 
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are  transferred  within  the  body  by  diffusion  along  concentration  gradients, 
by  osmosis  in  response  to  alterations  in  the  number  of  particles  in  solution 
restrained  by  membranes,  by  expenditure  of  energy  for  the  active  transport 
against  concentration  gradients,  and  by  mass  movement  of  fluid  as  a  result 
of  hydrostatic  pressure.  These  types  of  movements  are  to  be  differentiated 
from  flux  which  is  the  rate  of  movement  of  an  ion  in  one  direction  during 
diffusion,  osmosis,  or  active  transfer. 

External  exchanges  between  the  organism  and  the  environment  are 
effected  through  the  gastrointestinal  tract,  kidney,  lungs,  skin  and  at  times 
other  body  surfaces.  The  volume,  composition,  and  distribution  of  body 
fluids  is  maintained  constant  within  narrow  limits  by  regulators  or  feed¬ 
back  systems  which  act  largely  upon  or  through  the  kidney. 
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“And  God  said,  Let  the  waters  bring  forth  abun¬ 
dantly  the  moving  creature  that  hath  life.  .  . 

Genesis 


Chapter  2 

PALEOCHEMISTRY,  EVOLUTION,  AND  COM¬ 
PARATIVE  PHYSIOLOGY  OF  THE 
BODY  FLUIDS 


I.  Introduction 


Adequate  comprehension  of  the  composition  and  dynamics  of  man’s 
body  fluids  requires  consideration  of  their  place  in  Nature,  past  and  present. 
That  man  is  a  creature  of  his  planetary  environment  is  nowhere  more  evi¬ 
dent  than  with  respect  to  the  fluids  of  his  body,  for  some  of  the  very  ele¬ 
ments  of  one  are  the  basic  constituents  of  the  other.  Indeed,  the  fundamen¬ 
tal  properties  of  these  elements,  water,  carbon  dioxide,  certain  inorganic 
ions,  and  protein,  have  conditioned  alike  the  evolution  of  life  and  the  evolu¬ 
tion  of  the  earth,  and  they  in  turn  have  conditioned  one  another.  These 


interactions  of  the  processes  of  geochemistry  and  physiology  are  reflected 
in  the  structure  and  function  of  the  body  fluids  of  living  organisms  which 
bear  to  this  day  the  imprint  of  their  ancient  cradle  in  the  primordial  seas. 

Ever  since  the  early  recognition  that  sodium  and  chloride  are  the  pre¬ 
dominant  ions  both  in  the  extracellular  fluid  of  vertebrates  and  in  the  water 
of  the  oceans  (fig.  2-1),  it  has  been  suspected  that  the  former  must  have 
evolved  from  a  marine  environment.  This  suggestion,  made  by  Bunge  in 
1889  and  Quinton  in  1897,  was  extended  by  Macallum  in  1903  and  1926  to 
his  well-known  hypothesis  that  the  inorganic  pattern  of  the  body  fluids  of 
invertebrates  and  vertebrates  is  a  reproduction  of  the  relative  ionic  com 
position  and  total  ionic  concentration  of  the  sea  water  of  the  particular 
geological  period  in  which  their  prototypes  first  appeared  (la-d).  Since  then 
many  studies  (including  those  of  Conway,  Pantin,  Dakin,  Smith,  and  Krogh) 
the  ancient  or  paleo-  chemistry  of  the  earth’s  crust  and  its  seas  (2a-d) 
and  of  the  relationships  in  the  past  and  present  between  living  organisms 
and  their  environments  (3a-e),  have  led  to  a  modification  of  this  hypothe- 
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Fig.  2-1.  Total  Ionic  Concentration  and  Relative  Ionic  Composition 
of  Sea  Water  and  of  Human  Extracellular  Fluid 
On  the  left  are  plotted  on  the  same  scale  the  concentrations  of  cations  and  anions 
in  sea  water  and  in  the  interstitial  portion  of  the  extracellular  fluid  of  man.  On  the 
right  this  portion  of  the  extracellular  fluid  is  re-plotted  on  a  larger  scale  to  show  the 
similarity  of  its  relative  ionic  composition  to  that  of  sea  water.  \  allies  for  the  com¬ 
position  of  sea  water  are  taken  from  Svedrup,  Johnson  and  Fleming  (16). 


sis  The  evolution  of  homoiosmoticity,  or  the  dynamic  maintenance  of  an 
osmotically  independent  internal  milieu  (told  with  clarity  in  the  writings 
of  Homer  Smith,  Baldwin,  Florkin,  and  Prosser  and  associates  (3c,  d,  4a-c», 
has  involved  many  modifications  of  the  concentration  and  composition  of 
that  milieu,  as  the  organs  of  exchange  have  become  adapted  to  the  require¬ 
ments  for  internal  stability  in  the  face  of  environmental  vicissitudes. 
Nevertheless,  as  Pantin  states  (3a),  the  composition  of  ancient  sea  water 
was  a  particularly  fit  environment  for  the  origin  and  development  of  proto¬ 
plasmic  systems  and  in  this  sense  the  composition  of  present  day  extia- 
eellular  fluids  can  be  considered  to  reflect  a  marine  ances  ty. 

II.  Paleochemistry 

A  Fitness  of  the  Environment  and  the  Origin  of  Life 

Precursors  of  protoplasm  originated  somehow  and  sometime  in  a  dm  pre- 
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subject  agree  that  life  must  have  begun  in  the  sea,  the  “hot  soup  o 

Haldane  and  the  colloidal  ooze  of  Oparin.  .  . 

In  addition  to  providing  the  necessary  conditions  for  the  origin  of  life, 
the  ocean  possessed  unique  properties  for  a  continuing  environment:  mo¬ 
bility,  richness  in  dissolved  substances,  and  stability  of  physico-chemical 
conditions.  To  L.  J.  Henderson  we  owe  the  concept  of  the  fitness  of  the 
environment  as  bearing  a  necessary  and  reciprocal  relationship  to  the  fitness 
of  the  organism  (6d).  Henderson  pointed  out  that  water,  carbonic  acid,  and 
their  constituent  elements  manifest  great  fitness  for  their  biological  role. 
The  thermal  properties  of  water,  its  solvent  power,  dielectric  constant,  and 
surface  tension,  provide  maximal  fitness  for  processes  of  life  in  terms  of 
ubiquity,  constancy  of  temperature,  and  variety  of  chemical,  electrical,  and 
colloidal  phenomena.  The  solubility  of  carbon  dioxide  in  water,  its  buffering 
capacity  as  a  weak  acid,  and  its  volatility  likewise  make  for  maximum  fit¬ 
ness  in  terms  of  mobility,  ubiquity,  and  constancy  of  hydrogen  ion  concen¬ 
tration.  The  chemical  compounds  containing  hydrogen,  carbon,  and  oxygen 
possess  unique  properties  for  serving  as  sources  of  matter  and  energy 
for  the  processes  of  metabolism. 

In  such  a  fit  environment  in  the  ancient  seas  protein  somehow  was 
synthesized  and  energy  was  captured  from  the  sun  by  photosynthesis  and 
stored  in  the  organic  esters  of  phosphoric  acid.  To  maintain  electroneu¬ 
trality  the  negatively  charged  protein  required  positively  charged  cations. 
Thus  cationic  components  of  the  marine  fluid  environment  became  im¬ 
portant  conditioning  factors  to  the  internal  fluids  of  the  living  organism. 


B.  The  Chemical  Evolution  of  the  Ocean 


Since  sodium  predominates  over  potassium  in  the  sea,  and  potassium  over 
sodium  in  sedimentary  rocks  (table  2-1),  it  is  apparent  that  these  cations 
are  distributed  differentially  on  a  geochemical  as  well  as  on  a  biological 
level.  In  the  less  technical  language  of  Fenn  (6b),  “potassium  is  of  the  soil 
and  not  of  the  sea;  it  is  of  the  cell  but  not  of  the  sap.”  Any  inquiry  as  to 
possible  relationships  between  these  two  phenomena  leads  to  a  considera¬ 
tion  of  the  chemical  evolution  of  the  ocean. 


Ihe  papers  of  ('on way  (2a,  b,  d)  and  their  criticism  by  Hutchinson  (2c) 
appear  to  present  the  most  exhaustive  recent  analysis  of  geochemical  data 
in  relation  to  oceanic  evolution  and  biologic  exchanges  of  ions.  The  basis  of 
tins  analysis  is  the  determination  of  the  chemical  composition  of  igneous 
ami  sedimentary  rocks,  and  of  river  water  eroding  such  rocks  (table  2-1) 
and  the  calculation  of  the  thickness  of  the  sedimentary  strata  by  measure¬ 
ments  Of  radioactivity.  From  these  geochemical  data  estimates  were  made 
0  '  ,otal  am<>unts  of  inorganic  substances  removed  from  the  earth’s 
crust  at  any  given  time  since  the  initial  condensation  of  water  in  the 
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Table  2-1. 

RELATIVE  IONIC  COMPOSITION  OF  IGNEOUS  ROCK,  TOTAL  SURFACE  ROCK, 
RIVER  WATER  DRAINING  THESE  TWO  TYPES  OF  ROCK,  AND 


OCEAN 

WATER* 

(From  Conway) 

(2a, b) 

ROCK 

RIVER 

WATER ^ 

OCEAN 

ION 

Igneous 

Total  » 
Surface 

Igneous 

Total  g 
Surface 

Water 

Na 

100 

100 

100 

100 

100 

Mg 

142 

334 

61 

225 

23 

Ca 

146 

454 

238 

897 

5 

K 

54 

133 

34 

45 

2 

Cl 

1 

1 

6 

1 

117 

S04 

3 

23 

8 

212 

12 

C  (as  CO3,  or 

HC03) 

113 

414 

1040 

1 

*  Data  are  given  as  equivalents  associated  with  100  equiva¬ 
lents  of  sodium 

§  River  water  is  corrected  for  contamination  with  marine 
salts  in  rain. 

# Total  surface  rock  is  approximately  75  per  cent  sedimentary 


earth’s  atmosphere.  The  results  of  this  calculation,  with  respect  to  the  major 
oceanic  ions,  are  shown  in  figure  2-2.  The  concentrations  of  ions  in  the 
ocean  waters  are  plotted  not  against  time,  but  against  the  thickness  of 
sedimentary  rock,  unity  representing  the  present  maximum  thickness  of 
approximately  1,050,000  feet  that  has  accumulated  over  some  1750 
million  years.1  On  the  assumption  of  a  constant  volume  of  water  and  of  a 
volcanic  source  of  the  chloride,  chloride  and  sodium  have  steadily  accumu- 
lated  until  some  141  geograms  (141  X  KF  grams)  of  sodium  .on  have  been 
deposited  in  the  sea,  producing  a  concentration  of  4/0  to  480  mil.  pel 
liter  Calcium,  which  is  the  most  abundant  single  cation  in  igneous  rock, 
on  reaching  the  ocean  has  been  largely  precipitated  and  sedimented  as  cal- 

,  From  the  rate  of  addition  of  solutes  in  river  water,  Joly  calculated  the  age  of  the 
imntplv  SO  to  90  million  years  (7a).  Conway  points  out  that  this  . 
ocean  to  be  approxima  y  (  roughly  1500  to  20(10  million  years,  derived 

much  lower  1  han  the  no» ™ °8Uggefts  that  correction  should  be  made  for 

from  measurements  of  radioactivity .  »  ^  |n  ^  for  flooding,  and  for  the 

contamination  of  nvei  ate  be  higher  than  the  mean  rate  over 

probability  that  the  present  day  erosion  rate  must e  Ovation  of  land 
geologic  time.  This  latter  correction  is  due  o  t *  denudation  „f  the 

masses  in  the  present  Keolo*1'1l“"“‘  of  sol u'te  accretion  from  flic  Amazon  River  is 
land  of  its  forests  by  man  If  the  rats  *  jungle),  a  value  of  2,350  million 

used  (river  water  that  drains  mainly  Hat  untoueneoju  g  /, 

years  is  reached  for  the  age  of  the  ocean. 
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Relative  sedimentary  thickness 
Fig.  2-2.  The  Chemical  Evolution  of  the  Ocean 
On  the  assumption  of  a  constant  volume  and  of  a  volcanic  source  of  chloride, 
Conway  has  calculated,  from  analyses  of  various  types  of  rock  and  of  river  water, 
the  concentrations  of  the  principal  ions  in  the  ocean  over  geologic  time.  These  con¬ 
centrations  are  plotted,  not  against  time  per  se,  but  against  the  relative  thickness 
of  sedimentary  rocks  which  have  been  laid  down  since  the  beginning  of  erosion  of 
the  earth’s  crust;  (unity  represents  the  total  thickness  at  the  present  time  and  the 
cross-hatched  area  extrapolation  into  the  next  100  million  years). 

The  steady  accumulations  of  chloride  and  sodium  are  contrasted  with  the  relative 
and  absolute  removal  of  potassium.  (From  Conway  (2b).) 


cium  carbonate  and  sulfate.2  Magnesium  likewise  has  been  removed  as 
the  carbonate  but  to  a  lesser  extent,  so  that  today  it  is  the  second  largest 
cationic  component  of  the  ocean.  Had  the  chloride  been  present  in  the  at¬ 
mosphere  and  in  the  condensed  sea  water  in  constant  amounts  (a  slightly 
less  likely  hypothesis  than  that  of  volcanic  origin),  somewhat  larger  quan¬ 
tities  of  magnesium  and  calcium  would  have  been  in  solution  during  the 
earlier  periods  of  oceanic  evolution. 


2  Conway  believed  that  the  carbon  dioxide  necessary  for  the  formation  of  calcium 
u  magnesium  carbonate  must  have  been  of  volcanic  origin.  If  it  originally  had  all 

tZ  1  h,7tnK7hCre-  ,hp  C0’  «  Ut.  .-us  the  Jurassic  period  would  have 

vertebrates  ™?he  diPoosaulsV  e  "H''  Pre8"m'’Wy  i"“"'Pa«ble  with  the  life  of  such 
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The  relative  and  absolute  removal  of  potassium  from  the  oceans  and  its 
sequestration  in  sedimentary  rock  is  in  striking  contrast  to  the  fate  of  the 
sodium  derived  from  the  same  igneous  rock  source.  Potassium  is  carried  to 
the  sea  in  river  water  in  amounts  that  are  35  to  45  per  cent  of  the  accom¬ 
panying  sodium  (table  2-1)  yet  only  2  per  cent  is  in  solution  in  the  sea 
today.  Therefore  approximately  100  geograms  (100  X  1020  grams)  of 
potassium  must  have  been  removed  over  the  course  of  geologic  time.  The 
clay  mineral,  illite,  which  constitutes  about  20  per  cent,  or  1000  geograms, 
of  the  total  7400  geograms  of  sedimentary  rock,  contains  potassium  in 
amounts  of  this  order  of  magnitude.  Potassium  is  also  found  in  glauconite, 
a  similar  mineral  formed  from  the  shells  of  dead  foraminifera.  It  would 
appear,  therefore,  that  potassium  has  been  steadily  sequestered  in  sedi¬ 
mented  illites  since  the  beginning  of  oceanic  evolution.  This  removal  of 
the  ion  was  accelerated  with  the  advent  of  organic  life  sometime  in  the  late 


pre-Cambrian  era,  and  since  the  Mesozoic  era  onward  this  biologic  deposi¬ 
tion  in  glauconite  may  have  been  the  principal  mode  of  potassium  removal 
from  the  ocean.  It  is  also  possible  that  the  presence  of  organic  material 
facilitated  the  incorporation  of  potassium  into  the  illite.  thus  we  have  an 
example  of  the  geochemical  evolution  of  the  ocean  being  modified  by  the 

life  that  it  supports. 

The  subtraction  of  potassium  from  the  ocean  has  been  equivalent  to  the 
addition  of  hydrogen  ion.  The  effect  of  this  acidification  of  a  relatively  alka¬ 
line  ancient  ocean  must  have  been  to  increase  the  total  amount  of  calcium 
and  magnesium  in  solution  while  at  the  same  time  sulfates  and  carbonates 
were  precipitated  out  as  calcium  and  magnesium  salts.  This  would  per¬ 
mit  or  enhance  the  calcification  of  fossils  from  Cambrian  time  onward, 
and  is  another  example  of  geochemical  and  biological  interplay. 

Conway  has  suggested  that  the  smaller  diameter  of  the  hydrated  potas¬ 
sium  ion  accounts  for  its  differential  sequestration  over  sodium  in  both  the 
mineral  clays  and  the  cells  of  living  organisms.  In  illite  this  diametei  is 
critical  for  entry  anil  binding  between  the  silica  sheets  of  the >  1» ‘  ™  ”  >*>  ' 
tions  where  the  quadrivalent  S1++++  has  been  replaced  by  the  tnvalent 
A1«+  In  the  living  cell  the  smaller  hydrated  diameter  may  also .  pro"  <  < 
the  more  rapid  entry  of  potassium  as  compared  with  sodium  and  the  mten- 
tion  of  potassium  while  the  sodium  is  actively  extruded  l  he  at  er  ■ 

however,  requires  energy  in  the  system  (see  chap  - 

is  not  analogous  to  the  sequestration  occurring  in  tw0 

But  the  degree  and  ubiquity  of  the  disparate  dit  the 

cations  on  the  geochemical  and  biological  evd; f 
possibility  that  some  fundamental  physico-chemical  factois 

to  both  processes.3 

.  „  i8  interesting  to  note  that  the  other  a.tali  metals,  lithium,  ruh.d.um, 
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ION 

MID  PRE-CAMBRIAN 
SEA* 

EARLY  ORDOVICIAN 
SEA§ 

OCEAN 

TODAY 

VERTEBRATE 
EXTRACELLULAR  FLUID 
(HUMAN  PLASMA) 

mM. /I. 

mM. /I. 

mM.  /  I. 

mM. /I. 

Na 

298 

379 

478 

144 

K 

104 

51 

10 

5 

Ca 

2 

7 

11 

5 

Mg 

11 

38 

55 

2 

Cl 

298 

441 

559 

103 

S04 

54 

40 

29 

1 

HCO3 

(13) 

(5) 

(2) 

28 

P04 

Tr. 

2 

*  Based  on  the  hypothesis  of  a  volcanic  origin  of  chloride 

*  Approximate  time  of  development  of  unicellular  organisms 
§  Period  of  emergence  of  vertebrates 

()  HCO2  concentration  with  the  present-day  atmospheric  pres¬ 
sure  of  CO2 


C.  Sea  Water  and  the  Internal  Environment 


The  probable  course  of  chemical  evolution  of  the  ocean  as  set  forth  by 
Conway  does  not  support  the  hypothesis  of  Macallum  (Id)  that  present- 
day  extracellular  fluids  reflect  the  ionic  concentrations  of  the  ancient  seas 
in  which  a  given  species  first  developed.  At  the  time  of  differentiation  of 
vertebrates  in  the  Cambrian  or  Ordovician  periods  the  salt  content  of  the 
ocean  was  at  least  GO  to  70  per  cent  of  the  present  concentration  in  sea 
water;  yet  most  vertebrate  extracellular  fluids  are  less  than  one-third  of  that 
concentration  (fig.  2-2,  table  2-1 1 ) .  Furthermore,  the  magnesium  content 
of  \ eitebiate  extracellular  fluid  is  proportionately  and  absolutely  much 
smaller  than  that  in  the  Paleozoic  seas.  To  these  objections  are  joined  the 
more  cogent  data  from  studies  in  comparative  physiology  by  Dakin,  Smith, 
and  many  others  who  have  clearly  demonstrated  that  osmoregulation  is 


cesium,  present  m  relatively  minute  amounts,  are  also  removed  quantitatively  from 
the  sea  into  the  clay  minerals  (2c).  On  experimental  administration  to  animals  and 
man,  lithium,  which  lies  below  sodium  in  the  periodic  table,  has  a  volume  of  distribu¬ 
te  ,whl  1  t  between  those  of  sodium  and  potassium  (7b,  c);  on  the  other  hand 
rubidium,  which  is  above  potassium  in  the  periodic  table  and  has  a  smaller  hydrated 

:;,bsTtuteff8  fr  rrr in*  or  dispiaces 

lluul  Gd,  e).  The  effect  of  rubidium  on  the  electrocardiogram  is  similar  but  not 
identical,  to  that  of  potassium  (7f).  ’  1  1 
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a  dynamic  process  with  many  species  able  to  make  rapid  adjustments  to 
changes  in  their  osmotic  environment.  It  is  not  the  composition  of  the  body 
fluids  that  evolves,  therefore,  but  rather  the  organs  of  active  exchange 
which  regulate  that  composition. 


III.  Evolution  of  the  Kidney  and  the  Body  Fluids 

A.  Regulatory  Mechanisms  and  the  Environment 

The  history  of  the  earth  has  been  one  of  ever-changing  surface  contour 
and  climate  (8a,  b).  Periodic  upheavals  of  major  mountain  systems,  marking 
the  geologic  revolutions,  have  alternated  with  the  erosion  and  flattening  out 
of  the  land  masses;  time  and  again  the  seas  have  flooded  over  the  dry  land 
only  to  recede;  hot,  moist  climates  with  lush  vegetation  have  alternated 
with  aridity,  coldness,  and  sometimes  glaciation.  In  such  a  world  the  sur¬ 
vival  of  living  organisms  has  depended  directly  upon  their  adaptation  to 
these  changing  conditions  of  the  external  environment. 

Such  adaptation  has  been  paramount  in  respect  to  osmoregulation,  which 
constitutes  a  major  chapter  in  the  history  of  biological  evolution  from  uni- 
cellular  organisms  to  highly  differentiated  vertebrates.  The  mechanisms  of 
osmoregulation  have  been  classified  by  Prosser  et  al.  (4c)  as  those  that 

provide: 

1.  Limited  permeability  to  water, 

2.  Limited  permeability  to  solutes, 

3.  Secretion  (in  or  out)  of  salt  against  a  gradient, 

4.  Secretion  (in  or  out)  of  water  against  a  gradient, 

5.  Storage  of  water  or  solute.  , 

Some  of  these  adaptive  mechanisms  maintain  a  dynamic  steady  state  and 
so  require  the  expenditure  of  energy  (see  chapter  1).  Even  in  the  simple 
poikilosmotie  invertebrates  whose  internal  osmolar  concentration  adjusts 
to  that  of  the  external  medium,  some  restriction  is  placed  on  water  and 
solute  exchanges  (and  therefore  on  changes  in  volume).  1  he  more  comp  ex 
homoiosmotic  organisms  utilize  various  combinations  of  these  mechanisms 
“tain  an  internal  osmolar  concentration  and  ionic  pattern  that  ,s 

tSSS ^e*ity  kidney  has  become  the 

B.  Adaptation  to  Fresh  Water  ( Early  Paleozoic) 
an^st^ 
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B  irds 


Reptiles 


Terrestrial 

mammals 


Fig.  2-3.  The  Evolution  of  Vertebrate  Species  and  Their  Habitats 

The  course  of  development  of  the  vertebrates  is  plotted  in  relation  to  the  geologic 
timetable  shown  at  the  bottom  of  the  chart.  Fresh  water,  marine,  and  terrestrial 
environments  are  indicated. 

The  major  development  took  place  in  the  Paleozoic  era  in  fresh  water  with  sub¬ 
sequent  adaptation  to  marine  and  terrestrial  habitats.  (Modified  from  Smith  (3c,  d).) 

took  place  in  the  Cambrian  period  which  was  ushered  in  by  the  Grand 
Canyon  disturbance.  It  has  been  postulated  that  this  hypothetical  ancestor 
had  a  flexible  backbone  which  was  useful  in  swimming  against  the  more 
rapidly  moving  water  draining  the  uplifted  land.  In  any  case,  a  few  fossils 
ol  his  heavily-armored  descendants,  the  ostracoderms,  or  ancient  fishes, 
have  been  found  in  Ordovician  sediments  and  the  evidence  indicates  that 
these  early  vertebrates  were  inhabitants  of  fresh  water  (fig.  2-3). 

The  morphologic  and  physiologic  adaptation  of  these  early  vertebrates 
to  their  fresh  water  habitat  can  be  surmised.  Presumably  the  osmolar  con¬ 
centration  m  their  body  fluids  approached  or  equalled  that  of  the  Paleozoic 
seas.  I  he  heavy  armor  of  the  fossils  indicates  the  development  of  an  imperme¬ 
able  exterior  which  would  have  reduced  the  osmotic  inflow  of  water  Gills 
and  mouth,  however,  were  permeable,  and  in  relation  to  the  need  to  ex¬ 
crete  water  the  segmented  kidney  was  developed.  Filtration  of  water  from 

ic  flood  stream  was  facilitated  by  juxtaposition  of  a  capillary  tuft  to  the 

7  /  °f  7,eXCret°ry  tubule  Gaining  the  codom  or  body 
'7  r7  ,  r  ,d  ?ped  he  Pmnitive  glomerulo-tubular  kidney  with  a 
enal-portal  blood  supply,  and  in  turn,  the  ability  to  live  in  fresh  water  ‘ 
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C.  Re-adaptation  to  Marine  Environment 


1.  Elasmohranchs  (late  Paleozoic).  After  the  Caledonian  upheaval 
at  the  beginning  of  the  Devonian  period,  alternating  drought  and  flooding 
forced  some  ol  the  fresh-water  fishes  either  to  become  mud-dwelling  lung- 
fish  or  to  return  to  the  salty  seas  (fig.  2-3).  The  latter  were  the  elasmo- 
branchs  or  the  ancient  shark  family  of  cartilagenous  fishes  (Chondrichthyes) 
that  has  survived  to  this  day. 

The  functional  adaptation  of  these  species  to  the  new  salty  medium  was 
unique.  Endowed  with  a  primitive  kidney  that  was  “designed”  to  excrete 
water  in  a  hypotonic  medium,  a  different  osmotic  defense  was  developed 
against  the  dehydrating  effect  of  the  hypertonic  seas,  namely,  a  physiologic 
uremia.  The  active  reabsorption  of  urea  by  the  renal  tubule,  plus  the  im¬ 
permeability  to  urea  of  the  respiratory  membranes  and  gills,  led  to  a  con¬ 
centration  of  urea  in  the  body  fluids  of  more  than  2  per  cent,  and  a  total 
osmolar  concentration  that  was  slightly  higher  than  that  of  the  surrounding 
sea  water  (fig.  2-4).  This  resulted  in  the  absorption  through  the  gills,  and 


F,n  2  4  Comparison  op  the  Total  Osmolar  Concentration  of  body 
Fluids  op  VAmous  Invertebrates  and  Vertebrates  with  that 
of  Sea  Water  and  of  River  Water 

Cross-hatched  areas  represent  inorganic  ions  and  dotted  areas  urea.  (Mod.hed 
from  Baldwin  (4a).) 
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in  the  excretion  through  the  kidney,  of  small  amounts  of  water.  Some  mem¬ 
bers  of  this  group  have  become  readapted  to  brackish  or  fresh  water  (the 
sawfish,  Pristis,  in  Malaya).  In  these  the  urea  concentration  is  much  lower 
(fig.  2-4),  the  water  absorption  is  greater,  and  larger  volumes  of  urine  are 
excreted.  The  latter  is  effected  by  an  increase  in  glomerular  filtration  which 
occurs  as  the  fish  passes  from  salty  to  fresh  waters. 

2.  Tel  cost  fishes  (late  Paleozoic  or  Mesozoic).  Toward  the  end  of  the 
Paleozoic  era  the  teleost  or  bony  fishes  (Osteichthyes)  evolved  in  the  fresh 
water  of  that  time,  and  many  still  live  in  their  Iresh  water  habitat.  However, 
between  the  end  of  the  Paleozoic  and  the  beginning  of  the  Cenozoic,  many 
of  the  teleosts  moved  to  the  oceans  and  developed  a  new  mechanism  of 
osmoregulation  in  defense  of  their  internal  environment  (figs.  2-3,  2-5).  This 
was  an  adaptation  of  the  gill,  with  cells  which  actively  separate  and  excrete 
the  sodium  and  chloride  ingested  from  the  sea.  The  diminished  amounts  of 
water  left  behind  for  excretion  by  the  kidney  placed  less  of  a  premium  on 
glomerular  filtration  and  the  kidneys  of  many  of  these  species  became 
aglomerular.  It  was  the  study  of  these  aglomerular  teleosts  that  led  E.  K. 
Marshall  and  his  associates  (8d)  to  the  establishment  of  tubular  secretion 
as  a  physiologic  entity,  for  these  tubular  kidneys  excreted  many  of  those 
substances  which  in  other  species  are  found  in  the  urine  passed  from 
glomerulo-tubular  nephrons.  In  the  marine  teleosts  the  principal  inorganic 
ions  in  the  urine  are  magnesium  and  sulfate,  sodium  and  chloride  being 
excreted  by  the  gills.  The  urine  is  hypotonic  and  scanty  in  volume  since  the 
amount  of  sea  water  ingested  is  kept  to  a  minimum. 

Some  members  of  this  group,  such  as  eels  and  salmon,  move  back  and 
forth  between  fresh  water  and  salt  water;  while  much  remains  to  be  learned 
of  the  physiologic  adjustments  that  permit  such  lability  of  habitat,  it  is 
probable  that  these  adjustments  include  wide  variability  in  glomerular 
filtration  as  the  need  varies  for  the  excretion  of  water. 


D.  Adaptation  to  Air  and  Dry  Land 

1.  Amphibians  (late  Devonian).  This  adaptation  was  first  achieved 
b>  the  Amphibia  and  ante-dated  by  a  few  geologic  periods  the  teleosts’ 
invasion  of  the  sea.  In  the  arid  climate  of  the  late  Devonian  the  heavily 
armored  ostracoderms  and  fresh-water  fish  propelled  themselves  on  their 
ventral  fins  from  puddle  to  puddle  and  so  beyond  the  edge  of  their  fresh 
water  habitat.  From  some  of  their  modern  descendants,  the  frogs  and 
salamanders,  we  learn  of  the  character  of  their  fluid  balance  mechanisms 
Ihese  were  and  are,  of  two  kinds:  1)  the  skin  became  passively  permeable 
t  «  ater  and  developed  the  ability  to  actively  absorb  salt,  and  2)  glomerular 
Itradon  (and  hence  renal  water  excretion)  could  be  intermittently  reduced 
bj  constriction  of  the  glomerular  arteriole.  Both  of  these  mechanisms  come 
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under  the  control  of  the  pituitary  gland,  an  early  instance  of  hormonal 
control  of  water  balance.  The  amphibians  flourished  in  the  warm  swamps 
of  the  late  Carboniferous  (Pennsylvanian)  period;  but  most  of  them  (ex¬ 
cepting  toads  and  salamanders)  never  developed  the  ability  to  lay  eggs 
away  from,  or  to  leave  for  long,  the  aqueous  environment  from  which  they 
arose. 

2.  Reptiles  and  birds  (Mesozoic).  As  the  amphibians  left  the  water 
in  the  arid  climate  of  the  Devonian  period,  so  the  ancestors  of  the  reptiles 
emerged  from  their  aqueous  habitat  in  the  aridity  of  the  Permian.  Unlike 
amphibians  generally,  however,  the  reptiles  developed  the  ability  to  re¬ 
produce  on  land  and  so  achieved  a  real  independence  in  their  terrestrial 
existence.  This  adaptation  consisted  of  the  amniotic  egg,  an  adaptation 
which  was  essential  to  the  terrestrial  evolution  of  birds  and  mammals  as 
well.  The  amniotic  egg,  within  a  covering  impermeable  to  water,  provided 
a  closed  aquatic  environment  for  the  embryo  as  well  as  a  chorion  and  yolk 


for  respiration  and  nourishment  and  an  allantoin  sac  for  metabolic  end- 
products.  In  addition,  the  reptiles  and  birds  achieved  another  mechanism 
for  the  conservation  of  water  by  becoming  uricotelic  or  uric-acid-excreting, 
i.e.,  uric  acid  replaced  urea  as  the  end-product  of  nitrogenous  catabolism. 
Uric  acid  may  be  excreted  in  the  semi-solid  state,  and  in  the  cloaca  of  the 
bird  a  high  degree  of  water  conservation  is  attained  by  the  reabsorption  of 
water  and  the  excretion  of  a  hypertonic  semi-solid  urine. 

The  evolution  of  a  kidney  able  to  elaborate  urine  that  is  hypertonic 
in  relation  to  the  plasma  and  extracellular  fluid  first  took  place  in  the 
birds  This  was  more  imperative  in  birds  than  in  reptiles  because  the  biids 
also  developed  into  homoiothermic  creatures.  While  this  physiologic  charac¬ 
teristic  increased  their  independence  of  the  environment,  it  also  increased 
their  need  to  conserve  water.  The  dissipation  of  body  heat  involves  the 
vaporization  of  body  water,  a  process  that  plays  an  important  part  m  t  le 
water  balance  of  the  other  class  of  warm-blooded  vertebrates  elaborating 

a  hypertonic  urine,  the  mammals.  . 

3.  Terrestrial  mammals.  In  the  Permian  period  of  aridity  and  cold, 

the  mammals,  like  the  birds,  became  differentiated  from  the  reptiles  >y  c  e- 
velopment  of  the  ability  to  regulate  body  temperature  and  to  conserve 
water  During  the  Jurassic  and  Triassic,  the  “Age  of  Reptiles  tun 
multiplication  was  slow;  at  the  end  of  the  Cretaceous  and  during  the  early 
part  of  the  modern  era  (the  Cenozoic),  the  mammals  rapidly  attained  a 
dominant  position.  Their  metabolic  demands  for  food  required  them 

'  .  „rHv.  and  their  metabolic  heat  production  required  con- 

Son  of  water  for  keat  expenditure.  The  superior  mammalian  organs, 
evolved  in  the  presence  of  these  requirements,  were  the  brain  and  the  kid 


ney. 
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The  mammalian  kidney  excels  in  the  conservation  of  water.  Unlike  the 
uricotelic  birds,  the  mammals  retained  urea  as  the  end-product  of  nitrogen 
metabolism,  and  the  high  solubility  of  urea  resulted  in  larger  amounts  of 
water  being  excreted.  The  higher  blood  pressure  and  the  faster  rate  of  circu¬ 
lation  associated  with  the  homoiothermic  state  led  to  a  gieatei  rate  of 
glomerular  filtration.  As  a  consequence,  the  mammals  evolved  a  kidney  un¬ 
equalled  in  its  capacity  to  filter  and  to  reabsorb  water.  This  maximal  ability 
to  reabsorb  water  was  associated  morphologically  with  the  development  of 
the  “thin  segment”  or  loop  of  Henle  in  the  renal  tubule  separating  the 
proximal  and  distal  segments,  and  physiologically  with  the  supra-optico- 
hypophyseal  system  for  the  elaboration  of  anti-diuretic  hormone.  These 
mechanisms  permit  the  mammal  to  excrete  a  minimum  of  water  in  a  urine 
that  is  hypertonic  in  respect  to  the  body  fluids,  and  constitute  an  excellent 
adaptation  to  life  on  the  dry  land  and  in  the  air  (table  2-III). 


E.  Present-day  Adaptations 


The  evolution  of  osmoregulatory  mechanisms  invertebrates  has  just  been 
reviewed  and  hence  these  mechanisms  as  they  exist  in  present-day  species 
need  not  be  elaborated  further.  The  total  osmolar  concentrations  of  the 
body  fluids  of  invertebrates  and  vertebrates  are  compared  with  those  of  sea 
water  and  river  water  in  figure  2-4.  For  both  invertebrate  and  vertebrate 
species,  the  adaptive  mechanisms  for  maintenance  of  fluid  balance  in  various 
osmotic  environments  are  tabulated  in  table  2-1 1 1  and  schemat  ically  pre¬ 


sented  in  figure  2-5.  Only  certain  modern  adaptations  are  commented  upon 
further  in  the  following  paragraphs;  for  the  most  complete  and  detailed 
presentation  of  the  whole  subject  the  reader  is  referred  to  the  book  of  Pros¬ 
ser  and  associates  (4c). 

I.  Invertebrates  vary  widely  in  their  adaptation  for  osmoregulation. 
Some  species  adjust  osmotically  fairly  completely  to  their  external  environ¬ 
ment,  but  others  exert  a  limitation  on  such  adjustment  in  terms  of  water 
shifts  and  changes  in  volume.  The  body  fluids  of  marine  invertebrates  tend 
to  be  isosmotic  with  sea  water  while  estuarine  and  fresh-water  forms  main¬ 
tain  much  lower  internal  concentrations  (fig.  2-4).  The  latter  two,  however 
are  always  higher  than  their  brackish  or  fresh-water  environments  and  thus 
point  to  a  certain  degree  of  internal  regulation.  Even  in  the  marine  inverte- 
brates  Robertson  (9a)  has  demonstrated  a  wide  variation  in  the  regulation 
o  individual  ions.  In  the  more  primitive  and  less  active  phyla,  such  as  the 
coelenterates,  echinoderms,  lamellibranchs,  and  others,  there  is  a  slight 
accumulation  of  potassium  and  calcium  and  a  diminution  of  sulphate  rela- 
i\  e  o  sea  water  (sodium,  chloride,  and  magnesium  are  in  equilibrium)  The 
moie  active  decapod  Crustaceans  and  cephalopod  Molluscs  show  a  greater 

gIeG  0f  Ration  with  accumulation  of  sodium  and  a  marked  reduction 
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of  magnesium,  in  addition  to  the  gradients  mentioned  above.  It  is  clear, 
therefore,  that  in  many  invertebrates  the  poikilosmoticity  is  only  relative 
and  that  steady  states  are  maintained  with  respect  to  both  total  osmolarity 
and  individual  ionic  levels. 

2.  M  arine  mammals  and  birds  have  returned  to  a  habitat  devoid  of 
fresh  water  and  thus  present  an  interesting  problem  in  the  regulation  of 
water  balance  (3d,  e,  4c,  9b,  c).  The  mammals  include  the  seals,  walruses, 
and  sea-lions,  and  the  whales,  porpoises,  and  dolphins.  In  these  animals 
the  total  osmolar  concentration  of  the  body  fluids  is  slightly  higher  than  in 
the  terrestrial  mammals,  but  is  still  far  below  that  of  sea  water.  The  urine 
may  reach,  or  exceed,  the  latter  concentration,  but  there  is  no  evidence 
that  the  kidney  possesses  concentrating  powers  that  are  much  different 
from  those  in  the  kidneys  of  other  mammals  to  which  fresh  water  is  avail¬ 
able.  Since  the  low  magnesium  and  sulfate  content  of  intestinal  residues 
indicates  that  sea  water  is  not  ingested,  the  answer  must  lie  in  the  relation- 
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ship  of  the  water  ingested  in  food  and  obtained  from  its  oxidation  to  t  tie 

water  excreted  by  extra-renal,  as  well  as  renal,  routes. 

All  marine  mammals  economize  on  water  expenditure  in  relation  to  heat 
production  since  the  loss  of  body  heat  directly  by  convection  obviates  the 
necessity  for  evaporation  of  water  from  the  surface  of  the  skin;  sweat 
glands  are  absent.  In  addition,  less  water  is  required  to  saturate  the  smallei 
volumes  of  air  in  the  lungs  in  the  diving  species  where  the  increased  pressure 
permits  extraction  of  a  greater  percentage  ot  oxygen  from  a  given  volume  of 
air.  The  water  content  of  feces  is  not  greater  than  in  terrestrial  forms.  1  he 
extra-renal  water  losses,  therefore,  are  smaller  in  the  marine  mammals, 
and  together  with  the  renal  expenditure  do  not  exceed  the  total  water 
available. 

The  marine  mammal  that  has  been  most  extensively  studied  is  the  seal 
(9d-h).  The  seal  feeds  on  teleost  fishes  whose  gills  produce  a  body  fluid  hypo¬ 
tonic  to  the  sea,  and  which  body  fluid  then  becomes  available  to  the  seal 
(fig.  2-5,  c).  On  the  other  hand,  many  whales  feed  on  invertebrates  which  are 
approximately  isotonic  with  sea  water:  the  baleen  or  whale-bone  whales 
strain  out  plankton  and  the  sperm-whales  ingest  cephalopods  (squid,  cuttle¬ 
fish,  etc.).  The  concentrating  power  of  the  kidney  in  the  whales  appears  to 
be  somewhat  greater  than  in  the  seals,  and  the  latter,  when  fed  on  a  diet  of 
clams,  are  less  able  to  handle  the  extra  salt  (9e).  The  seal,  however,  in  rela¬ 
tion  to  his  meals  has  a  cyclic  urine  flow  which  may  decrease  to  as  little  as 
10  per  cent  of  the  post-prandial  rate.  This  fall  in  volume  flow  is  due  to  a 
decrease  in  glomerular  filtration  in  all  nephrons,  and  results  in  conservation 
of  water  at  a  time  when  the  excretory  solute  load  is  low.  This  mechanism  is 
probably  related  to  the  diving  reflex  described  by  Irving  (9f)  as  resulting  in 
diminished  peripheral  blood  flow  in  diving  mammals;  asphyxia  does  pro¬ 
duce  a  drop  in  rate  of  both  filtration  and  excretion  of  water  in  the  harbor 
seal  (9g,  h). 

Irving  et  al.  (9d)  and  Smith  (9e)  conclude  that  in  the  seal  enough  water  is 
obtained  by  ingestion  and  oxidation  of  a  diet  of  teleost  fish  to  balance  the 
losses  of  water  outlined  above.  In  1250  grams  of  herring  would  be  contained 
1000  grams  of  water  and  another  121  would  be  yielded  as  the  result  of  oxidn- 
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enigma.  Nevertheless,  marine  mammals  do  maintain  water  balance  on  the 
water  available  in  food  alone,  although  such  balance  is  precarious  at  best 
in  comparison  with  that  of  their  terrestrial  cousins  on  the  banks  of  fresh¬ 
water  streams. 

Marine  birds,  such  as  the  shearwater,  the  petrel,  and  the  albatross,  like¬ 
wise  live  without  access  to  fresh  water.  Their  evaporative  loss  of  water 
must  be  much  higher  than  that  of  the  immersed  mammals  over  which  they 
wing  their  way.  It  is  presumed,  therefore,  that  the  minimal  water  excretion 
resulting  from  their  uricotelic  habitus  is  more  than  met  by  the  preformed 
and  metabolic  water  of  their  piscine  diet.  No  adequate  data,  however, 
appear  to  be  available. 

3.  Desert  animals,  like  their  marine  counterparts,  live  in  an  environ¬ 
ment  where  fresh  water  is  at  a  premium.  But  unlike  the  marine  habitat,  the 
desert  adds  the  stress  of  heat  regulation  to  the  problem  of  maintenance  of 
water  balance.  The  adaptations  in  animals  and  man  to  these  environmental 
stresses  have  been  reviewed  extensively  by  Buxton,  Dill,  Adolf,  the 
Schmidt-Nielsens,  Smith,  and  others  (lOa-d,  3d).  The  physiological  prob¬ 
lems  of  man  in  the  desert  will  be  considered  in  greater  detail  in  a  subsequent 


section. 

Despite  the  heat  and  the  scarcity  of  water,  many  kinds  of  creatures  live 
in  the  desert.  Poikilothermic  animals,  whose  body  temperatures  vary  with 
that  of  the  environment,  have  no  need  for  water  in  the  dissipation  of  heat; 
shade  is  their  principal  requirement.  These  include  insects,  amphibians, 
and  reptiles.  Insects  pass  through  the  larval  stages  below  the  surface  of  the 
ground  during  the  driest  time  of  the  year,  the  adult  forms  appearing  when 
some  water  is  available  in  plants.  Amphibians,  the  frogs  and  toads,  cling 
to  the  humidity  of  subterranean  burrows  and  come  out  only  at  night.  1  he 
reptiles,  lizards  and  snakes,  obtain  sufficient  water  from  ingestion  and  oxida¬ 
tion  of  the  insects  on  which  they  feed. 

The  homoiothermic,  or  warm-blooded  mammals,  cannot  tolerate  such  wide 

variations  in  body  temperature.  Small  desert  mammals  avoid  the  expend, 
turc  of  water  by  burrowing  in  the  ground  during  the  heat  of  the  day .  O 
these,  the  kangaroo  rat  appears  to  be  the  most  completely  adapted  physio¬ 
logically  to  the  desert.  As  the  Schmidt-Nielsens  have  shown  (lOd,  e),  his 
rodent  can  live  on  the  metabolic  water  derived  from  eating  dried  seeds  and 
other  drv  food  with  no  other  source  of  water.  Such  maximum  watei 
economy  is  achieved  by  a  greatly  reduced  water  expenditure:  evaporation 
rom  the  body  is  less  than  half  that  of  the  white  rat,  and  the  kidney  ha  th 
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centration  in  plasma.4  The  efficiency  of  this  kidney  is  such  that  the  kangaroo 
rat  can  tolerate  well  the  ingestion  of  sea-water  (lOf)  while  the  white  rat 
(lOg)  and  other  mammals  including  man  cannot  (see  below). 

Other  small  rodents,  such  as  the  pack  rat,  cannot  live  on  dried  food  alone 
but  eat  succulent  vegetation  and  so  acquire  some  preformed  water.  For 
all  rodents  the  greater  humidity  underground  is  an  important  factor;  it 
minimizes  the  rate  of  evaporation  from  the  body  and  from  moist  food,  and 
actually  may  increase  the  water  content  oi  dried  food  stored  in  the  burrow . 
The  small  desert  rodent  does  not  store  water  in  his  body  nor  is  he  less  sus¬ 
ceptible  to  the  physiologic  effects  of  dehydration. 

In  contrast  to  the  small  mammals,  the  larger  mammals  in  the  desert  with 
their  smaller  surface  area  per  unit  of  body  volume,  gain  less  heat  from  the 
environment  and  so  can  afford  to  expend  body  water  in  the  process  of  heat 
regulation.  The  common  species,  the  gazelles,  antelopes,  elands,  giraffes, 
and  camels,  are  herbivores  and,  as  ruminants,  can  digest  hard  grasses.  The 
protein-poor  diet  results  in  a  lower  demand  for  urinary  water  in  which  nitro¬ 
gen  is  excreted.  Presumably  these  species  can  survive  for  a  period  of  days  on 
water  of  oxidation  alone.  The  camel,  especially,  is  noted  for  its  ability  to 
travel  for  long  periods  without  water;  eight  days  is  usually  the  maximum 
period  of  water  deprivation  tolerated  (10a)  although  Sven  Hedin  ( lOi) ,  the 
Swedish  explorer,  reported  travelling  for  almost  four  weeks  with  camels 
which  received  little  or  no  water  but  whose  diets  were  supplemented  with 
oil. 

The  hump  of  the  camel  does  not  store  water  as  such,  but  fat  that  is 
oxidized  to  water.  Storage  of  water  in  the  stomach  by  the  camel  has  been 
reported,  probably  erroneously  because  of  confusion  with  digestive  juices. 
Camels  are  well  insulated  against  heat  gain  by  their  fur.  The  degree  of 
tolerance  of  heat  load,  which  must  be  a  major  factor  in  determining  the 
water  balance  of  the  species,  is  not  known;  much  remains  to  be  learned  of 
the  body  fluid  economy  of  the  large  desert  mammals.6 


1  he  desert  burro  has  been  shown  to  have  a  sweating  mechanism  peculi¬ 
arly  well  adapted  to  desert  life  (10b).  This  consists  of  the  ability  to  lose  heat 
in  a  sweat  that  is  essentially  salt-iree.  Dill  and  his  associates  observed  a 
burro,  deprived  of  water  for  36  hours,  to  lose  7.4  kg.  of  weight  during  a 
20-mile  walk  under  the  desert  sun;  at  the  end  of  this  period  the  plasma 
chloride  had  risen  12.8  mEq.  per  liter.  The  burro  then  drank  in  five  min- 

4  Sperber  (10h)  m  his  exhaustive  study  of  the  comparative  anatomy  of  the  mam¬ 
malian  kidney,  found  in  rodents  a  close  correlation  between  the  elongation  of  the 
ienal  papilla  (containing  collecting  ducts)  and  aridity  of  habitat. 

5  Drs.  Knut  and  Bodil  Schmidt -Nielsen  and  associates  have  recently  returned  from 

Algeria  where  they  mvcstjgatcd  this  problem  inthecamel;  at  the  timeof  writing  how¬ 
ever,  the  results  had  not  yet  been  reported  (see  Fed  Proc.  14:  133-134  1955)  ’ 
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utes  12.2  liters  of  water  and  the  next  morning,  with  no  salt  having  been 
eaten,  the  plasma  chlorides  and  weight  were  at  the  original  normal  level. 
When  water  is  lost  without  salt,  the  loss  is  distributed  over  both  extracellu¬ 
lar  and  intracellular  phases  of  the  body  fluids,  and  hence  does  not  lead  to  the 
circulatorv  collapse  consequent  on  depletion  of  extracellular  fluid  alone 
(10j,  k). 

Dog  and  man  are  poorly  adapted  to  desert  life,  the  dog  because  his 
evaporative  heat  loss  is  limited  to  the  respiratory  surfaces  (panting),  and 
man  because  his  evaporative  water  loss  is  high  and  his  sweat  contains 
large  amounts  of  extracellular  electrolyte.  Furthermore  man,  unlike  the 
burro,  is  unable  to  replace  his  water  deficit  with  water  alone;  if  he  does  so, 
muscle  cramps  ensue.  Men  working  in  the  desert  or  under  conditions  of 
great  heat  exhibit  a  slight  acclimatization  of  a  somewhat  diminished  salt 
concentration  in  sweat  (10b,  1)  but  seldom  to  a  degree  sufficient  to  render 
unnecessary  the  ingestion  of  supplementary  sodium  chloride. 


IV.  Man  and  Ilis  Body  Fluids  under  Environmental  Extremes 

Men,  as  well  as  animals,  are  affected  by  extremes  of  climate  and  environ¬ 
ment  which  place  strains  on  mental  and  physical  resources.  We  are  con¬ 
cerned  here  with  the  effect  of  these  stresses  on  the  physiologic  functioning 
of  man’s  body  in  general  and  his  body  fluids  in  particular.  A\  hat  are  the 
physiologic  adaptations  elicited  and  what  disturbances  occur  when  these 
adaptations  break  down?  The  answers  to  these  questions  come  from  many 
kinds  of  observations,  including  those  made  on  races  of  men  indigenous  to 
various  climates,  and  those  made  on  man  under  controlled  experimental 
conditions.  The  results  of  animal  experiments  also  can  be  extrapolated  to 
man  if  due  consideration  is  given  to  species  differences. 

Environmental  extremes  of  heat  and  cold  are  predominant  iactors  in 
this  discussion,  since  regulation  of  the  body  temperature  is  so  closely  bound 
up  with  the  water  balance  of  the  body.  In  a  cool  climate  with  low  humidity 
approximately  25  per  cent  of  the  metabolic  heat  to  be  dissipated  from  the 
body  is  transferred  to  the  environment  by  evaporation  oi  body  water 
(not  less  than  0.8  liter  per  day  per  adult),  the  rest  of  the  heat  being  trans¬ 
ferred  by  radiation,  conduction,  and  convection.  In  a  hot  environment  the 
latter  three  types  of  transfer  are  reversed  but  vaporization  from  lungs  and 
skin  persists.  In  addition,  sweating  maybe  called  into  play  to  assist  in  hea 
expenditure,  especially  when  a  high  humidity  impedes  vaporization.  Unde 
these  circumstances  maximum  rates  of  water  loss  of  between  3  and  4  liters 
per  hour  have  been  observed  during  exercise.  It  is  obvious,  therefore  hat 
environmental  conditioning  of  body  heat  transfers  may  have  a  profound 
effect  on  the  body  fluids.  Physiologic  literature  reviewing  this  subject  has 
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already  been  cited  (10b,  d);  to  these  should  be  added  the  monograph  on 
heat  regulation  edited  by  Newburgh  (11a). 


A.  Cold:  The  Circumpolar  Regions  and  the  Winter  Sea 

1.  Ecology.  The  cold  areas  of  the  world  which  are  inhabited  include 
the  Arctic  regions  of  the  Old  and  New  Worlds,  1  ierra  del  Fuego  near  the 
Antarctic,  and  the  high  plateaus  of  Tibet  and  the  Andes.  The  cultural  and 
physical  adaptation  of  the  inhabitants  ot  these  areas  has  been  described 
in  detail  by  Wulsin  (lib).  Eskimos  and  Siberian  tribes  have  evolved  ex¬ 
tremely  efficient  types  of  clothing  and  housing  for  the  conservation  of  body 
heat;  Stefanssen  (lie)  states  that  the  Eskimo  carries  about  his  own  tem¬ 
perate  climate  inside  his  fur  clothes.  These  peoples,  therefore,  probably 
exhibit  no  great  abnormality  of  the  body  fluids.  On  the  other  hand,  the 
inhabitants  of  Tierra  del  Fuego  live  in  varying  degrees  of  nakedness  in  an 
extremely  wet,  cold  climate.  Darwin  (lid)  describes  an  apparently  un¬ 
concerned  and  completely  unclothed  woman  of  the  Yahgan  tribe,  nursing  a 
naked  baby,  on  both  of  whom  the  sleet  melted  as  it  fell.  Natives  of  this 
tribe  perspired  profusely  when  sitting  at  a  distance  from  the  camp  fire  which 
barely  warmed  the  Europeans.  The  aboriginal  Australian  Bushman  sleeps 
naked  on  the  ground  in  freezing  temperatures  with  only  a  small  fire  to 
warm  him.  Both  of  these  peoples  must  have  physiological  adaptations  for 
body  heat  conservation,  but  only  on  the  latter  have  quantitative  observa¬ 
tions  been  made.  Hicks  and  associates  (lie)  found  no  change  in  basal 
metabolic  rate,  but  rather  an  increased  ability  to  localize  peripheral  vaso¬ 
constriction  and  a  decreased  threshold  to  the  sensation  of  cold.  Coon  (Ilf) 
in  his  discussion  of  the  effect  of  climate  on  racial  characteristics,  finds  that, 
in  general,  peoples  living  in  cold  climates,  in  addition  to  much  subcutaneous 
fat  about  the  exposed  face,  wrists  and  ankles,  have  small  hands  and  feet 
and  short  fingers  and  toes.  Such  characteristics  diminish  the  evaporative 
water  and  heat  loss  from  those  areas  of  the  body,  and  with  peripheral 
vasoconstriction  the  arm  becomes  “an  insulator  in  depth.”  The  opposite  is 
true  of  peoples  native  to  hot  climates  who  have  little  subcutaneous  fat  and 
long  arms  and  fingers  with  a  large  surface  area  relative  to  the  tissue  volume 
circumstances  making  for  efficient  heat  loss. 


2  Experimental  evidence  of  the  effect  of  cold  on  heat  regulation  and 
on  he  body  fluids  has  been  reviewed  by  Spealman  (llg).  Acute  exposure  to 
co  c  results  first  in  reduction  of  heat  loss  by  peripheral  vasoconstriction  and 
then  in  increased  heat  production  by  shivering.  Chronic  exposure  to  cold 
does  not  lead  to  large  changes  in  the  basal  metabolic  rate;  the  adaptations 

blood  v  |“  uIrC"iat0ry ,  In  experimental  hypothermia,  diminution  in 
blood  volume  has  been  observed  (11  h),  and  internal  shifts  of  water  into 
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cells  have  been  calculated  to  occur  (lli,  j).  Magnesium  metabolism  has  been 
implicated.  Serum  magnesium  levels  may  be  elevated  in  hibernating  ani¬ 
mals  (Ilk)  and  in  experimentally  cooled  animals  (111,  m)  and  lowered  in 
man  acclimatized  to  cold  (lln);  it  is  possible  that  magnesium  levels  are 
related  to  sensitivity  of  hypothalamic  heat  regulating  centers.  More  re¬ 
cently,  interest  in  the  physiologic  response  to  cold  has  been  renewed  by  the 
development  of  the  use  of  hypothermia  as  an  anesthetic  procedure  for 
cardiac  surgery.  But,  in  general,  it  can  be  concluded  that  disturbances  in 
man’s  body  fluids  as  the  result  of  exposure  to  climatic  cold  are  not  of  great 
clinical  importance. 


B.  Heat:  The  Desert,  the  Jungle,  and  the  Tropical  Sea 

Extremes  of  heat  place  a  far  greater  strain  on  the  economy  of  man’s  body 
fluids  than  do  extremes  of  cold.  The  reason  for  this  is  obvious:  in  the  hot 
environment  a  much  larger  water-turnover  is  required  to  sustain  evapora¬ 
tive  heat  loss.  Many  clinical  and  experimental  studies  have  been  made  of 
the  physiologic  response  to  heat;  the  most  complete  reviews  of  the  problem 
are  those  of  Dill  (10b)  and  of  Adolf  and  associates  (10c). 

1.  Ecology.  Man  has  inhabited  the  hot,  wet  areas  of  the  world;  the 
jungles,  and  the  islands  in  tropical  seas,  and  the  hot,  dry  areas;  the  deserts 
that  spread  around  the  world  on  the  Tropics  of  Cancer  and  Capricorn. 
Civilizations  and  advanced  cultures  have  flourished  in  both  wet  and  dry 
heat  such  as  the  Javanese  and  Mayan  in  the  former,  and  Egyptian,  Bab}  - 
Ionian,  and  Islamic  in  the  latter.  In  all  of  these  cultures  men  learned  to 
protect  themselves  with  suitable  clothing  and  housing  against  the  uptake  of 
radiant  and  convective  heat,  and  to  foster  evaporative  heat  loss  by  ventila¬ 
tion  bare  skin,  and  removal  of  body  hair  (lib).  As  pointed  out  above  the 
peoples  of  hot  climates  tend  to  deposit  little  subcutaneous  fat  and  have 
long  arms  and  slender  fingers  which  permit  greater  heat  loss  per  unit  of 
tissue  volume  (llf).  The  sine  qua  non  of  their  existence  is  the  availability  of 

ample  supplies  of  water.  .  .  ,  . 

2  Experimental  results  of  physiologic  studies  of  man  in  hot  enviroi  - 

monts  have  been  reviewed  in  detail  elsewhere  (10c,  12a)  If  hydration  is 
adequate  blood  and  plasma  volumes  are  increased  and  the  peripheral 
circulation  becomes  more  efficient  in  its  transfer  of 

of  the  body  to  the  surface  for  loss  by  evaporation  (llh,  12a).  k"eatm  * 

tZ  when  the  humidity  is  low  and  the  ambient  temperature  is  above 

29°c'S  for  the  clothed,  and  31°C.  for  the  nude,  subject.  In  more  hum 

•  a  rFLo  mt<»  of  sweating  is  conditioned 

environments  sweating  starts  soon  •  i  r  n  5  liters 
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body  temperatures  (12a-e).  High  rates  of  water  loss  in  sweating,  if  not 
replaced  by  ingested  water,  quickly  lead  to  dehydration. 

Sweat  is  a  hypotonic  solution  of  extracellular  electrolytes,  chiefly  sodium 
and  chloride.  Depletion  of  these  ions  leads  to  circulatory  collapse;  replace¬ 
ment  of  sweat  with  water  without  salt  produces  muscle  cramps  (12f,  g). 
Ladell  and  associates  (12b)  found  that  the  common  type  of  heat  exhaustion 
in  British  troops  in  the  Middle  East  was  essentially  a  salt  depletion  syn¬ 
drome.  Acclimatization  to  heat  involves  not  only  increase  in  rates  of 
sweating  but  decrease  in  concentration  of  salt  in  the  sweat  (10b,  1);  clear 
evidence  has  been  adduced  that  adrenocortical  hormones  are  one  factor  in 
the  rate  of  salt  loss  through  sweat  glands  (12h-j).  However,  man  does  not 
adapt  his  sweating  to  the  extent  of  sweating  salt-free  water  like  the  burro, 
and  therefore  should  supplement  his  drinking  water  with  sodium  chloride 
when  sweating  profusely  and  drinking  freely  in  a  hot  environment  (12k). 


C.  Thirsting  States:  Water  Deprivation ,  Sea  Water  Ingestion 


Man  is  in  a  thirsting  state  when  his  supply  of  water  is  insufficient  to 
meet  his  needs.  Since  his  need  for  water  is  greater  under  conditions  of  heat, 
this  state  usually  occurs  in  the  desert  or  on  the  tropical  sea.  In  either  of 
these  hot  environments  water  deprivation  limits  survival;  in  the  cold 
environment  (as  on  the  winter  sea)  water  deprivation  is  of  less  consequence 
since  death  from  the  cold  long  precedes  death  from  desiccation. 

There  have  been  many  vivid  descriptions  of  the  ordeal  of  thirst  in  the 
desert  including  Sven  Hedin’s  (lOi)  account  of  his  harrowing  march  across 


the  lakla-makan  Desert  in  Sinkiang,  King’s  (13a)  report  on  a  troop  of 
cavalrymen  lost  without  water  in  the  Colorado  desert,  and  that  of  McGee 
(13b).  1  he  latter  author’s  description  of  the  progressive  stages  of  such 
deh>  that  ion  is  graphic:  clamorous,  cotton-mouth,  swollen- tongue,  shriv- 
eled-tongue,  and  blood-sweat”.  The  most  succinct  and  classic  description 
of  thirst  at  sea  is  that  of  the  Ancient  Mariner  (13c). 

When  approximately  12  per  cent  of  the  body  water  has  been  lost,  the 
victim  can  no  longer  swallow;  when  15  to  25  per  cent  has  been  lost,  death 
ensues  (10c).  In  great  heat,  death  comes  much  more  quickly  and  is  probably 
due  to  an  explosive  rise  in  deep  body  temperature;  in  cooler  environments 
death  from  dehydration  probably  results  from  circulatory  failure  Survival 
time  in  either  case  depends  upon  the  relation  of  exercise  to  ambient  tem¬ 
perature  Adolf  estimates  that  a  man  walking  only  at  night  may  survive  18 


l  .  _  o  V  U1h111  lilclN  Mil  \  1\  (3 

arfeo"  andU7nTr  <lai!y  moan  and  ™  temperatures 

a  e  00  and  ,0  F  respectively;  when  the  same  temperatures  are  98°  and 

1  lo  I .  his  probable  survival  time  is  2  days. 

The  effects  of  dehydration  on  the  body  fluids  are  discussed  in  detail  in 
aptei  0,  and  therefore  are  mentioned  only  briefly  here.  Pure  water 
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Fig.  2-6.  Comparison  of  the  Effects  on  the  Body  Fluids  and  Plasma 

Volumes  of  Water  Deprivation  and  Sodium  Chloride 
Depletion  in  the  Dog 

Cation  concentrations  are  plotted  along  the  ordinates;  fluid  volumes,  along  the 
abscissae.  The  initial  state  is  shown  in  outline  in  each  figure;  the  solid  and  cross- 
hatched  areas  represent  the  extracellular  and  intracellular  fluids,  respectively.  T 
small  vertically-lined  columns  represent  change  in  total  water.  The  figures  e  ie 
dhagram  are  cumulative  percentage  changes  in  extracellular  (AE),  -trocar  (Al), 
and  total  water  (AW).  Plasma  volumes  are  given  in  per  cent  of  initial  y  ■ 

"Th:  left  htnd  dia^an.  presents  the  effects  of  dehydration  due  to  days  of  wa  er 

deprivation :  both  fluid  P"01td^Jo^ 

phase  alonTis  depleted  and  the  drop  in  plasma  volume  is i  much  greater  than  that  pro¬ 
duced  in  water  deprivation.  (From  Hopper  et  al.  (10k).) 

.  Uo  •  dpbvfl ration  of  both  extracellular  and  intracellular 

SX  alone  (10j) 

fftore  profound  circulatory  fallu«(^j{0t  lively  greater  than  the 

rsx*  a^d  (.4.>,  ^ 

tion  appears  to  be  a  prime  factor  in  thirst. 
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Fig.  2-7.  The  Concentrations  of  Total  Cation  and  Sodium  in  Sea 
Water,  Extracellular  Fluid,  and  Maximally  Concentrated 

Human  Urine 

The  concentrations  are  calculated  as  grams  per  cent  sodium  chloride  and  as  mM. 
per  liter.  The  total  height  of  each  column  represents  total  cation  concentration,  the 
solid  portion  of  the  columns  that  of  sodium. 

The  height  of  the  urine  column  indicates  maximal  concentration  of  sodium  in 
urine  under  conditions  of  water  deprivation  and  ingestion  of  sea  water  (15f).  The 
difference  in  height  between  the  solid  portions  of  the  sea  water  and  the  urine  columns 
indicates  the  sodium  which,  when  ingested  in  sea  water,  either  must  be  retained  or 
must  have  additional  water  for  its  excretion.  (From  Elkinton  and  Winkler  (15b).) 


The  man  castaway  at  sea  without  a  supply  of  fresh  water  would  appear 
to  be  in  just  as  precarious,  and  in  a  more  tantalizing,  situation  than  the 
man  lost  in  the  desert.  He  cannot  meet  his  needs  alone  from  the  limitless 
waters  on  which  he  floats;  ingestion  of  undiluted  sea  water  only  hastens 
death  (15a,  b).  Given  kidneys  which  cannot  concentrate  urine  to  the  os- 
molarity  of  the  sea  water  taken  in  (fig.  2-7),  body  water  is  sacrificed  to 
excrete  extra  salt  and  retained  sodium  salts  exacerbate  cellular  dehydration 
(fig.  2-8).  Experimentally,  intracellular  dehydration  is  associated  with 
central  nervous  system  dysfunction  and  respiratory  paralysis  (15c).  In 
most  accounts  of  castaways  who  have  drunk  undiluted  sea  water,  the  fatal 
course  has  been  characterized  by  delirium  and  coma.  Gastro-intestinal 
intolerance  of  the  magnesium  and  sulfate  in  the  sea  water  is  also  a  limiting 


1  he  castaway  at  sea  has  a  better  chance  of  mitigating  his  negative  water 
balance  than  does  the  man  lost  in  the  desert.  If  the  sea  and  at  are  not  too 
cold  he  may  minimize  the  evaporative  loss  of  body  water  by  staying  in 
e  shade  if  available)  and  by  substituting  sea  water  to  cool  the  surfact  of 
his  skin  (15d,  10c)  (fig.  2-9).  In  addition  he  can  supplement  his  water 
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Fig.  2-8.  The  Effect  on  the  Body  Fluids  of  Experimental  Water 
Deprivation  Followed  by  Injection  of  Hypertonic  Sodium 
Chloride  Solution  in  Amounts  Simulating  the  Ingestion  of 

Sea  Water 


Data  are  plotted  as  in  figure  2-6.  The  figure  at  the  left  represents  the  state  after 
eight  days’  deprivation  of  food  and  water,  the  figure  at  the  right,  the  state  after  six 
more  days  of  repeated  injections  of  hypertonic  saline  solution. 

Simple  deprivation  of  food  and  water  caused  both  phases  to  contract  equally.  In¬ 
jection  of  hypertonic  saline  solution  at  this  time  resulted  in  further  loss  of  body 
water  and  in  some  retention  of  sodium  chloride.  As  a  result  of  this  salt  retention  the 
extracellular  fluid  re-expanded  at  the  expense  of  the  intracellular  fluid  in  spite  of  the 
increased  total  water  depletion.  Ultimately  death  occurred  from  respiratory  failure 
associated  with  extreme  depletion  of  intracellular  water.  Plasma  volume  and  circu¬ 
lation  were  maintained  throughout.  (From  Elkinton  and  Winkler  (lob)  ) 


supply  by  diluting  sea  water,  volume  for  volume,  with  whatever  meager 
amounts  of  fresh  water  that  he  may  have,  since  the  kidney  can  handle  the 
extra  salt  in  the  less  concentrated  solution  (15d-f).  His  best  chance  ol 
adding  to  his  supply  of  potable  water  lies  in  the  catchment  of  rain;  there 
are  few  areas  of  the  world’s  oceans  where  rain  does  not  fall  pei  lodica  y . 

The  ingestion  of  teleost  fish  also  has  been  suggested  as  a  source  of  water 
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Fig.  2-9.  Experimental  Study  of  the  Loss  of  Body  Water  by 
Vaporization  from  Castaways  in  Warm  Seas 

Hie  extra-renal  water  loss,  when  in  the  sun  and  sheltered  from  the  breeze  is 
greatest  when  nude  and  smallest  when  in  wet  clothing.  Similar  conservation  of  water 
during  heat  expenditure  is  accomplished  in  the  nude  subject  in  the  sun  by  exposure 
to  a  breeze.  (From  Gamble  (15d).)  ' 

for  the  castaway  man  (as  it  is  for  the  seal).  The  human  kidney,  however  is 
less  efficient  than  that  of  the  seal,  for  all  of  the  water  in  the  fish  is  required 
to  excrete  the  extra  urea  and  electrolytes  (13-0  (fig.  2-10);  the  only  ad¬ 
vantage  gamed  .s  that  of  the  calories.  For  the  same  reason,  emergency 
rations  should  avoid  protein  and  salt,  and  are  best  made  up  of  carhohy- 
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Fig.  2-10.  Failure  of  the  Ingestion  of  Fish  to  Mitigate  the 
Dehydration  of  a  Subject  Deprived  of  Water 
Subject  III-H  ate  fish  while  III-C  served  as  a  control.  Water  derived  from  the  fish 
was  not  retained  by  subject  III-H,  so  that  both  subjects  lost  water  at  approximately 
the  same  rate.  Failure  of  water  retention  was  apparently  due  to  the  greatly  increased 
production  of  nonprotein  nitrogen,  with  consequent  increase  in  the  volume  of  urine 
used  in  its  excretion.  However,  the  ingestion  of  the  fish  did  prevent  a  severely  nega¬ 
tive  balance  of  nitrogen.  (From  Winkler  et  al.  (15g) .) 

drates  and  fats  (see  figure  6-4);  pemmican,  the  standby  of  the  wilderness 
explorer,  is  not  for  the  thirsty  man  at  sea. 

D.  High  Altitude ,  Deep  Sea  Diving 

The  physiologic  effects  of  these  two  environmental  extremes  are  complex 
and  involve  primarily  the  processes  of  gas  exchange.  In  respect  to  the  body 
fluids  only  two  effects  of  high  altitude  will  be  mentioned.  Hyperventilation 
due  to  low  oxygen  pressures  may  lead  to  carbon  dioxide  deficit  and  respna 
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tory  alkalosis.  Chronically,  low  oxygen  pressure  may  produce  an  increase 
in  circulating  red-cell  mass,  as  found  in  the  acclimatized  subject.  Dill 
reviews  the  literature  on  high  altitude  physiology  (10b). 

The  deep  sea  diver  travels  between  the  Scylla  of  oxygen  poisoning  and 
the  Charybdis  of  nitrogen  bends.  For  the  moment  he  represents  the  fron¬ 
tier  and  end  of  our  environmental  journey. 


summary:  Sodium  and  potassium  are  distributed  differentially  on  the 
geochemical  as  well  as  on  the  biological  level,  the  former  accruing  to  the 
sea  and  to  extracellular  fluids,  and  the  latter  to  the  soil  and  to  cells.  The 
predominance  of  sodium  in  vertebrate  extracellular  fluid  is  a  heritage  of  the 
marine  origin  of  living  organisms,  but  in  response  to  the  stimuli  of  varying 
habitats,  the  precise  character  of  the  internal  environment  has  been  greatly 
modified  as  the  organs  of  exchange  with  the  external  world  (especially  the 
kidney)  have  evolved  over  geological  time.  Today,  living  creatures  and  their 
body  fluids  are  adapted  to  open  oceans,  inland  waters,  dry  land,  and  the 
sky  above.  Many  of  these  domains  are  shared  by  man,  but  he  is  limited  in 
his  adaptation  to  environmental  extremes.  On  these  frontiers  of  heat,  cold, 
altitude,  and  salinity,  man  and  the  integrity  of  his  body  fluids  are  strained, 
and  he  survives  only  by  his  own  foresight  and  provision  for  his  physiologic 
needs. 
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Chapter  3 

METHODS  OF  STUDYING  BODY  FLUID 

DISTRIBUTION 


In  the  first  chapter  we  have  attempted  to  present  a  concise  over-all 
concept  of  body  fluid  dynamics.  Such  a  concept  lias  been  developed  through 
employment  of  a  wide  variety  of  experimental  technics  and  methods.  Many 
of  these  methods  are  in  active  use  today  and  are  undergoing  further  refine¬ 
ment  as  tools  for  clinical  and  physiological  investigation.  Some  are  more 
directly  applicable  than  others  to  the  study  of  the  sick  patient,  but  all  have 
contributed  to  a  better  understanding  of  the  processes  of  disease  as  well  as 
of  those  of  normal  function.  For  this  reason,  if  the  serious  student  is  to 
make  adequate  use  of  the  concepts  presented  in  the  first  chapter,  he  needs 
to  have  some  knowledge  of  the  methods  by  which  they  have  been  developed 
Methods  of  studying  the  composition  and  exchanges  of  the  fluid  paits  o 
the  body  first  may  be  divided  into  those  involving  isolated  tissues  and  those 
concerned  with  the  intact  organism.  In  the  former  category  the  studies  may 
consist  on  one  hand  of  chemical  analysis  of  various  tissues  which  have 
ceased  to  function,  or,  on  the  other,  of  in  vitro  observations  of  dynamic  proc¬ 
esses  occurring  in  isolated  but  surviving  or  living  tissues.  Observations  in 
the  intact  organism,  animal  or  man,  include  methods  of  determining  the 
volume  of  distribution  or  dilution  of  an  administered  solute  or  isotope,  of 
measuring  flux  or  turnover  with  tagged  molecules  or  ions,  oi  deteimm  ng 
ranges  in  body  composition  by  comparing  intake  with  output  using  the 
balance  technic,  and  of  observing  regional  exchanges  of  fluid.  Fina  y, 
combination  of  various  of  these  methods  it  is  possible  to  make  a  correlated 
chemical  dissection  of  the  body  and  its  fluids  and  so  to  enhance  our  knowl- 
^"cture  and  function  of  the  normal  and  the  diseased  organism. 

I.  Studies  of  Isolated  Systems  and  Tissues 

A  Blood  or  Tissue  Analyses  .  (  , 
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recently  this  same  technic  has  been  employed  in  studying  the  composition 
of  the  various  tissues  of  the  body  since  they  also  can  be  analyzed  for  their 
content  of  water  and  electrolytes.  The  content  of  water  and  solids  is  de¬ 
termined  by  weighing  the  specimen  before  and  after  a  standard  drying 
procedure.  The  residue  is  then  analyzed  for  fat  and  nitrogen  and,  after  wet 
or  dry  ashing,  for  electrolytes  by  the  usual  chemical  methods.  If  the  simul¬ 
taneous  concentrations  of  electrolytes  in  the  extracellular  portion  are 
known,  that  is,  simultaneous  in  time  with  the  taking  of  the  specimen,  cer¬ 
tain  values  can  be  derived  with  respect  to  the  phase  distribution  of  water  and 
electrolytes  in  the  tissue.  Such  a  derivation  is  based  on  the  assumption 
that  one  of  the  constituents,  measured  as  to  amount  and  concentration,  is 
confined  to  the  extracellular  phase.  Taking  chloride  ion  to  be  such  a  sub¬ 
stance,  calculations  of  the  proportions  of  solids  and  intracellular  and  extra¬ 
cellular  fluid  phases  have  been  made  for  all  the  major  tissues  of  the  mam¬ 
malian  body.  Body  composition  of  total  desiccated  carcasses  has  been 
determined  in  this  way  for  animals  (la)  (see  fig.  1-3),  and  for  man  (lb). 

It  is  recognized  that  chloride  is  not  entirely  confined  to  the  extracellular 
fluid  and  hence  cannot  be  used  as  the  basis  for  calculating  the  true  extra¬ 
cellular  fluid.  Other  substances,  such  as  inulin,  have  been  infused  prior  to 
the  obtaining  of  the  tissue  specimen,  and  have  then  been  utilized  for  the 
reference  point  for  the  extracellular  phase.  However,  the  validity  of  the 
inulin  space  as  a  measure  of  the  extracellular  fluid  has  been  questioned  and 
to  date  this  problem  of  an  adequate  substance  for  extracellular  fluid  meas¬ 
urement  has  not  been  completely  solved.  In  any  case,  in  tissues  such  as 
skeletal  muscle,  phase  calculations  based  on  chloride  have  given  much  use¬ 
ful  information. 

Since  skeletal  muscle  is  the  most  important  single  tissue  in  terms  of  bulk 
(40  to  50  per  cent  of  the  body  weight),  it  is  usually  considered  to  give  the 
maximum  amount  of  information  about  the  state  of  fluid  distribution  in 
the  body.  Some  data  on  the  content  of  water  and  electrolytes  of  skeletal 
muscle,  as  well  as  values  for  phase  distribution  as  derived  from  these  ob- 
seivcd  data,  are  given  in  table  3-1  and  illustrated  in  figure  3-1  (2a-c).  It 
should  be  recognized  that  values  so  determined  at  any  given  time  repre¬ 
sent  a  measurement  that  is  dynamic  only  in  the  sense  that  changes  have 
been  induced  prior  to  the  time  of  taking  the  specimen. 


I  he  analyses  of  the  constituents  of  any  tissue  require  some  point  of  reference 
to  make  them  meaningful.  Quantitation  per  unit  weight  of  the  whole  tissue 
specimen  has  been  a  common  practice  in  the  past.  In  respect  to  muscle  analv- 
ses,  however,  it  was  found  that  such  quantitation  must  be  corrected  for  the 
variable  amount  of  fat  in  the  tissue.  Hastings  and  Eichelberger  (2a)  therefore 

lincethe  rr  n  ,mgS  in,  UnUS  Per  kil°gram  offat'free  wet  muscle-  However 
nf  th  r  race  U  ar  and  intracellular  fluid  phases  may  vary  independently 
Of  each  other  as  well  as  of  the  solid  content  of  the  tissue,  Darrot  Harrison, 
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Table  3-1. 


WATER  AND  ELECTROLYTE  CONTENT  OF  SKELETAL  MUSCLE  OF 

NORMAL  DOGS 


I.  PER  KILOGRAM  FAT-FREE  WET  MUSCLE 

* 

A 

B* 

Total  muscle 

chloride 

mEq. 

21.5 

20.7 

ft  ft 

sodium 

ft 

32.4 

29.2 

ft  ft 

potassium 

ft 

82.1 

93.7 

ft  ft 

water 

gm. 

765 

772 

Extracellular 

phase 

ft 

174 

169 

Intracel lular 

ft 

ft 

826 

831 

ft 

water 

ft 

593 

605 

ft 

sodium 

mEq. 

7.2 

3.9 

ft 

potassium 

ft 

81.4 

92.9 

II.  PER  100  GRAMS 

FAT-FREE  ! 

SOLIDS 

Total  muscle 

chloride 

mEq. 

9.2 

9.1 

ft  ft 

sodium 

ft 

13.8 

12.8 

ft  ft 

potassium 

ft 

35.0 

41.  1 

ft  ft 

water 

gm. 

326 

339 

ft  ft 

solids 

ft 

100 

100 

Extracellular 

water 

ft 

73 

73 

Intracellular 

ft 

ft 

252 

266 

ft 

sodium 

mEq. 

3.1 

1.7 

ft 

potassium 

ft 

34.6 

40.8 

*  20  normal  dogs  of  Hastings  and  Eichelberger  (2a) 

t  4  normal  dogs  of  Darrow,  Harrison  and  Taffel  (2b) 


and  Taffel  (2b)  presented  their  data  as  muscle  water  and  electrolyte  in  terms 
of  units  per  100  grams  of  fat-free  solids.  Of  course,  each  of  these  two  methods  of 
expressing  such  data  can  be  readily  converted  into  the  other.  Recently,  L> 
lienthal  and  co-workers  (2d,  e)  have  proposed  that  a  more  accurate  reference 
point  would  be  the  noncollagenous  nitrogen  of  the  tissue.  This  fraction  of  the 
total  nitrogen  is  that  of  the  intracellular  protein  and  its  use  as  a  reference 
point  eliminates  variability  due  to  connective  tissue  in  the  specimen. 

Given  the  analytical  values  for  water  and  electrolytes  in  serum  and  in  the 
fat-free  muscle,  the  phase  data  may  be  derived  in  units  per  kilogram  of  fat-free 
wet  muscle.  This  derivation  according  to  the  method  of  Hastings  and  l  ac  ic  - 
berger  (2a)  is  summarized  as  follows,  substituting  E  and  I  as  symbols  for  the 
extracellular  and  intracellular  phases,  respectively: 


E  = 


CIm  X  0.95  X  1000 


Cl: 


CO 


sw 


where  CIm  represents  the  chloride  in  muscle  in  milliequivalents  per  kilogram  of 
fat-free  wet  muscle,  OW  the  coneentration  in  serum  water  ,n  m, 
per  liter  and  0.95  is  the  Gibbs-Donnan  factor.  From  the  value  fo.  L,  gra  , 
that  of  the  intracellular  phase,  I,  in  grams,  is  calculated. 

I  =  1000  -  E 


(*) 
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per  kg.  fat-free  muscle  * -  volume  - 

Fig.  3-1.  Water  and  Electrolyte  Composition  of  Human  Fat-Free 

Skeletal  Muscle 

The  content  per  kilogram  of  wet  muscle  is  shown  on  the  left.  On  the  right  the 
composition  is  depicted  in  terms  of  volume  of  extracellular  and  intracellular  phases 
along  the  abscissa  and  of  concentration  along  the  ordinate.  Ionic  patterns  are  super¬ 
imposed  on  the  aqueous  portion  of  each  phase  (cf.  fig.  3-6).  (Data  are  from  Talso 
et  al.  (2c).) 


The  intracellular  water,  H2Oi  ,  is  then  calculated: 

H2O1  =  H2Om  —  II20E  (3) 

where  H2OM  =  gm.  water  per  kg.  muscle 

H2Oe  =  gm.  extracellular  water  per  kg.  muscle 
=  0.99  X  E 


assuming  1  %  of  the  phase  to  be  solids  (4) 

From  the  concentration  of  sodium  and  potassium  in  serum,  the  amounts  of 
these  electrolytes  in  the  two  phases  may  be  calculated,  using  a  Gibbs-Donnan 
factor  of  0.95: 


NaE  =  II2Oe  X  0.95  [Na]sw 
Nai  =  NaM  —  NaE 
Kr  =  H2Oe  X  0.95  [Iv]sw 
Ei  —  Km  —  Ke 


KPJ 

(6) 

(7) 

(8) 


where  [Na]sw  and  [K]sw  represent  the  concentration  of  these  ions  in  serum 
water. 

The  above  values  for  the  phase  distribution  of  water  and  electrolytes  may 
be  recalculated,  as  Darrow  el  al.  (2b)  have  suggested,  in  terms  of  units  per  100 
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grams  of  fat-free  solids,  by  multiplying  by  the  factor: 

100 

1000  -  H2Om 


Manery  et  al.,  Wilde,  and  Yannet  and  Darrow  have  shown  that  about  one 
milliequivalent  of  chloride  per  100  grams  fat-free  solids  of  muscle  is  not  in  free 
equilibrium  with  ultrafiltrate  of  serum  (3a-c).  The  last  authors  suggest  that 
muscle  chloride  content  should  be  corrected  by  subtracting  such  a  fraction 
before  employing  it  to  calculate  the  extracellular  phase.  Comparison  of  the 
effects  of  basing  this  calculation  on  such  a  corrected  chloride  space  with  the 
results  of  the  use  of  the  total  chloride  or  inulin  spaces  has  been  made  for  human 
muscle  by  Mokotoff,  Ross,  and  Leiter  (3d). 


Such  analyses  of  skeletal  muscle  have  been  applied  to  the  study  of  many 
experimental  and  clinical  conditions.  The  former  include  exercise,  aging, 
sodium  depletion,  potassium  depletion,  adrenocoitical  insufficiency,  ad¬ 
ministration  of  dcsoxycorticosterone,  alkalosis,  acidosis,  and  shock  follow¬ 
ing  burns  or  hemorrhage  (3c,  4a-r).  Clinical  states  in  which  such  analyses 
of  muscle  have  been  made  include,  among  others,  metabolic  alkalosis  and 
acidosis,  nephrosis,  congestive  heart  failure  and  hypertension  (2e,  3d,  5a-f ). 
In  all  these  conditions,  knowledge  of  the  water  and  electrolyte  distribution 
in  individual  tissues  has  contributed  greatly  to  the  understanding  of  the 
fluid  dynamics  in  the  whole  organism.  The  subject  of  tissue  electrolytes 
recently  has  been  thoroughly  reviewed  by  Manery  (6). 


B.  Tissue  Metabolism  in  vitro 

When  tissue  is  removed  from  a  living  body  or  from  a  body  that  has  just 
ceased  to  live  as  an  integrated  organism,  the  tissue  does  not  immediately 
die  If  optimal  conditions  of  nourishment,  osmolar  environment,  and  oxy- 
geiiation  are  provided  to  a  tissue  whose  integrity  has  not  been  grossly  dis¬ 
turbed,  its  metabolic  processes  may  be  maintained  lor  a  prolonged  penoc 
From  such  an  experimental  preparation  much  can  be  learned  of  the  fluid 
dynamics  by  observing  the  effects  of  varying  environmental  conditions, 
dS Ttemperature,  oxygenation,  and  the  presence  of  substrates  for,  or 

inhibitors  of  enzymatic  reactions  within  the  cells. 

Bloodls  an  individual  tissue  that  can  be  readily  studied  m  this  mani  c 

P  6  ’?  i  .wtmlvtes  between  red  cells  and  plasma  under  various  con- 

Urarand'most^detafleiTkimwledge^f 'suctTexct^ng^^tw®®”  a  cell  and 
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its  surrounding  medium.  Water  was  shown  to  shift  across  the  cell  membrane 
in  accordance  with  the  relative  osmotic  pressures  of  the  two  phases  (7a). 
As  indicated  in  chapter  1,  the  differential  distribution  of  electrolytes  be¬ 
tween  the  two  phases  depends  on  metabolic  processes  within  the  cells. 

Exchanges  of  solutes  in  other  living  tissues  have  been  studied  in  the  War¬ 
burg  apparatus.  Slices  of  living  tissues  such  as  the  renal  cortex,  the  li\  er, 
or  the  diaphragm  of  the  rat  are  placed  in  this  apparatus  under  conditions 
that  permit  their  cells  to  function.  By  study  of  the  bathing  fluids  and 
of  the  tissues  it  is  then  possible  to  learn  something  of  the  shifts  of  electro¬ 
lytes  into  and  out  of  the  tissue  as  they  are  affected  by  the  conditioned  cell¬ 
ular  reactions.  In  figure  3-2  is  illustrated  the  influence  of  cellular  oxidation 
on  the  movement  of  potassium  into  tissue  cells.  Three  tissues,  human 
blood,  rat  renal  cortex,  and  rat  diaphragm  are  being  investigated  as  to  three 
metabolic  variables:  glucose  substrate,  acetate  substrate,  and  oxygen 
(7b-d).  Each  of  these  substances  enhances  the  movement  of  potassium 
against,  or  prevents  movement  with,  the  concentration  gradient,  which  is 
evidence  for  the  dependence  of  the  differential  distribution  of  potassium  on 
cellular  metabolism.  Similar  experiments  have  been  performed  with  many 


if) 


A.  Human  blood  B.  Rat  renal  cortex  C.  Rat  diaphragm 

Fig.  3-2.  The  Effect  of  Metabolic  Variables  on  Potassium 

Transfers  in  Surviving  Tissues  in  vitro 

A  indicates  the  inhibition  by  glucose  substrate  of  potassium  transfers  out  of 

human  erythrocytes  into  plasma.  (From  the  data  of  Danowski  (7b).)  B  demonstrates 

he  enhancement  of  potassium  transfer  into  rat  renal  cortex  by  acetate  substrate 

rom  the  data  ot  Mudge  be).)  C  indicates  the  decrease  in  the  rate  of  potassium  loss 

1  om  ce  Is  of  the  rat  diaphragm  under  the  influence  of  oxygen  (From  unpublished 
studies  by  Squires  and  Marsh  (7d).)  '  unpublished 
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other  variables  including  other  substrates,  low  temperatures,  and  enzyme 
inhibitors  such  as  cyanide  and  fluoride  (7e). 


II.  Studies  in  the  Intact  Organism 

There  are  a  variety  of  ways  in  which  the  distribution  of  body  fluids  can 
be  studied  in  the  intact  organism.  One  of  these  is  to  measure  the  various 
fluid  compartments  by  determining  the  apparent  volume  of  distribution  or 
the  dilution  of  any  added  solute  which  has  distributed  through  that  par¬ 
ticular  phase  or  compartment.  This  is  an  absolute  measurement.  Another 
method  is  to  calculate  changes  in  the  several  compartments,  and  in  their 
constituents,  by  the  balance  technic ,  which  is  based  on  quantitation  of  in¬ 
take  and  output  of  the  body  fluid  constituents  in  question. 

A.  The  Dilution  Technic ,  i.e.,  the  Apparent  Volume  of  Distribution 

This  technic  depends  upon  the  relationship  of  the  concentration  of  a 
solute  in  a  solution  to  the  volume  of  the  solution  and  the  amount  of  the 
solute.  Thus,  if  the  amount  of  a  solute,  A,  and  its  concentration,  C,  in  a 
solution,  are  known,  the  volume,  V,  of  the  solution  can  be  calculated  fiom 

the  equation: 

V  =  A/C  (9) 


The  conditions  necessary  for  such  a  measurement  are  the  following: 
1)  that  the  solute  injected  be  evenly  distributed  through  the  body  fluid 
compartment  being  measured,  with  no  transfer  of  the  solute  into  another 
fluid  phase  where  it  is  present  at  a  different  concentration;  2)  that  a  repre¬ 
sentative  sampling  of  the  concentration  of  the  solute  can  be  made,  usually 
from  the  blood  serum  or  plasma;  3)  that  the  amount  of  solute  retained  in 
the  body  can  be  accurately  determined  from  the  amount  injected  corrected 
for  the  amount  excreted  or  destroyed  by  any  route.  Deviations  tom  these 
conditions  require  careful  consideration  in  the  application  of  the  technic 
and  in  the  interpretation  of  the  results. 

The  principal  methods  of  application  of  the  volume  of  distribution  technic  are 

such  a  curve,  when  plott  leaves  by  renal  and  extrarenal 

is  determined  by  the  rate  a  w  ,  lute  -IS  excreted  entirely  by  the 

routes,  the  body  fluids  m  <f—  at  a  give„  time 

“ri>eacll"h-  S  H  tbe  concentration  in  serum  or  plasma 

the  volume  of  distribution  is  as 
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Time  ofler  injection  -  hours  Time  ofter  start  of  infusion  -  hours 

Fig.  3-3.  The  Determination  of  the  Apparent  Volume  of  Distribution 
by  (A)  the  Single  Injection  and  (B)  the  Constant  Infusion 

Technics 


In  (A)  the  falling  concentration  of  mannitol  in  serum  water,  after  a  single  injec¬ 
tion  at  zero  time,  is  plotted  semilogarithmically,  a  b  c.  The  exponential  slope,  b  c, 
indicates  the  rate  at  which  mannitol  leaves  the  extracellular  fluid  after  mixing  has 
been  completed.  The  amount  retained  at  any  point  along  this  part  of  the  curve,  divided 
by  the  concentration,  yields  the  volume  of  distribution  at  that  time;  b  c  can  be  ex¬ 
trapolated  back  to  zero  time  at  d  to  determine  the  theoretical  concentration  if  the 
mannitol  injected  were  instantaneously  distributed  to  equilibrium.  (From  the  data 
of  Elkinton  (10b).) 

In  (B),  after  a  constant  infusion  of  inulin  has  brought  the  concentration  in  extra¬ 
cellular  fluid  to  equilibrium,  the  infusion  is  stopped  at  a  and  all  the  inulin  excreted 
until  the  concentration  has  fallen  to  zero  at  b  is  measured.  This  amount  divided  by 
the  concentration  at  a  yields  the  volume  of  distribution.  (Modified  from  Gaudino, 
Schwartz  and  Levitt  (10c).) 


follows  (for  mannitol,  fig.  3-3,  A) : 

Q  =  20.75  gm.  in  —  11.46  gm.  out  =  9.29  gm.  retained 
C  =  0.679  gm.  per  liter  serum  water 
9.29 

v  =  ^797:  =  13.7  liters  -  22.1%  body  wt. 


Thus,  the  volume  of  distribution  of  a  solute  such  as  mannitol,  determined  at 
points  a  or  b,  depends  on  an  exact  knowledge  of  the  amount  excreted  since  zero 
time.  If  the  solute  has  been  destroyed,  metabolized,  or  excreted  by  other  routes 
the  volume  of  distribution  calculated  by  this  method  is  erroneous.  In  such  a 
case,  however,  it  can  be  calculated  if  the  rate  at  which  the  solute  has  left  the 
body  fluids  by  all  routes  is  constant.  This  is  done  by  extrapolating  the  straight 
line  portion  of  the  regression  curve  back  to  zero  time  (point  c,  lie.  3-3  A)  and 
dividing  the  amount  of  solute  injected  by  the  concentration  so  defined.  This 

'insHntC0"Cenfla  r°'.'  .tllat  W0Uld  theoretical|y  exist  were  the  solute  to  be 
stantaneously  distributed  to  equilibrium  throughout  the  fluid  compartment. 
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This  type  of  calculation  has  been  used  for  substances  such  as  antipyrine  which 
are  known  to  be  fairly  rapidly  metabolized  in  the  body.  Such  a  calculation  is 
very  sensitive  to  any  error  in  determination  of  concentration.  It  has,  how¬ 
ever,  the  advantage  of  not  requiring  the  collection  and  analysis  of  urine. 

Rapidity  of  renal  excretion,  as  in  the  case  of  the  polysaccharides  or  other 
sugars  such  as  inulin,  sucrose,  or  mannitol,  or  rapidity  of  metabolism,  as  in  the 
case  of  antipyrine,  are  undesirable  characteristics  of  a  solute  used  for  this 
purpose.  Slowness  of  diffusion  of  a  solute,  such  as  inulin,  is  also  an  undesirable 
characteristic,  especially  when  there  are  large  abnormal  pools  of  fluid  such  as 
pleural  effusion  or  ascites  that  must  be  penetrated.  To  use  inulin  under  these 
circumstances  in  a  manner  that  fulfills  the  prime  requisite  of  diffusion  to 
equilibrium,  another  method  has  been  devised  for  the  determination  of  the 
volume  of  distribution.  This  is  the  constant  infusion  method.  It  consists  of  main¬ 
taining  a  constant  infusion  until  such  time  as  equilibrium  has  been  reached. 
At  this  point  the  infusion  is  stopped  and  the  total  amount  excreted  from  that 
time  on  to  the  point  of  complete  disappearance  of  the  solute  from  the  serum,  is 
measured  (fig.  3-3,  B).  This  value  represents  theamount  of  solute  retained  in  the 
fluid  phase  at  the  time  of  equilibrium;  when  divided  by  the  concentration  it 
yields  the  volume  of  distribution.  Even  with  this  refinement,  the  method  is 
still  subject  to  error  due  to  changes  in  amount  of  the  solute  held  in  the  renal 
dead  space.  This  applies  to  any  solute  highly  concentrated  with  respect  to 
plasma  as  the  solute  passes  through  the  icnal  tubule. 


These  methods  of  determining  the  apparent  volume  of  distribution  of  an 
injected  solute  have  been  used  for  measuring  various  compartments  of  the 
body  fluid,  including  the  red  cell  and  the  plasma  volume  (8a-u),  the  extra¬ 
cellular  fluid  volume  (9a-k,  lOa-v),  and  the  volume  of  total  body  water 
Ciia-j).  The  various  substances  employed  are  shown  diagrammatically  m 
figure  3-4.  The  values  obtained  for  the  apparent  volume  of  distribution  of 

these  substances  are  presented  in  tables  3-II  and  3-III. 

a  o  shown  in  figure  3-4,  many  of  the  injected  solutes  extend  beyond  a 
particular  fluid  phase.  This  is  to  indicate  that  one  of  the  chief  difficulties  in 
the  use  of  this  technic  is  the  failure  to  fulfill  the  first  requisite  condit  on 
named  above,  i.e.,  that  even  diffusion  of  the  solute  occurs  throughout  the 
fluid  phase  with  no  transfer  into  another  phase  where  it  is  present  at  a  d.  - 
]  fro+inn  For  instance  in  the  measurement  of  'plasma  volum 

JEffitt: nSSs  ~  ss 

those  traumatic  conditions  m  wh  difficulty  is  inherent  in  the 

protein  from  the  vascular  sys  ei  .  j.  j,,,  Thc  estimation  of 

tagging  of  plasma  albumin  with  radioactive  iodine, 
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Table  3-1 1. 


APPARENT  VOLUMES  OF  DISTRIBUTION  OR  DILUTION  AS  A  MEASURE  OF 

BODY  FLUID  PHASES  IN  ADULTS 


PHASE  VOLUME  REFERENCES 


PLASMA 

(ml. /kg.  body  wgt. ) 


Evans  blue,  T-1824 

42 

48 

46 

42 

8c,  e,  f.p 

I 131  Albumin 

•  40 

8t 

"EXTRACELLULAR”  PHASE 

(%  body  wgt. ) 

Inulin 

16 

16 

15 

16 

lOc-e, p 

Sucrose 

20 

21 

18 

10f,  g,  q 

Mannitol 

23 

18 

16 

16 

10b, h, i, p 

Thiosulfate,  S203 

17 

10j 

Sulfate  SO4 

23 

lOf 

Radiosulfate,  S35 

17 

10k 

Bromide 

27 

23 

29 

10d,g,  1 

Radiochloride,  Cl36 

27 

10m 

Radiochloride,  Cl38 

18 

27 

lOn,  g 

Radiosodium,  Na24 

26 

26 

26 

32 

27 

lOo, n, d, g, s 

Thiocyanate,  SCN 

22 

27 

25 

22 

24 

lOf , n, 0, c, d 

27 

23 

10r,  s 

TOTAL  BODY  WATER 

(%  body  wgt. ) 

Deuterium  oxide,  Ds0 

72 

63 

53 

62 

60 

lOn,  lle-h 

Tritium  oxide,  THO 

65 

52 

Hi,  j 

Antipyrine 

55 

52 

56 

10e,  Ilf ,  j 

Desiccation 

68 

59 

66 

llk-m 

Table  3-III 


BODY  FLUID  COMPOSITION  IN  INFANTS,  AS  MEASURED  BY 
DILUTION  TECHNIQUES 

Average  values  expressed  as  per  cent  of  body  weight 


PHASE 


VOLUME  REFERENCES 


EXTRACELLULAR 


Thiocyanate, 

SCN 

42 

10s 

Radiosodium, 

Na24 

44  43 

lot 

10s 

TOTAL  BODY  WATER 


Deuterium  oxide,  D20 
Desiccation 


75  77 

69  75 


10t 
11  1 


20a 

20  g 
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Body  fluid 

compartments 


Extracellular 


RBC 


Plasmo 

Extracellular 

fluid 


Total  body 
water 


i - * - 1  r 

RBC  Plas-  Inter- 
mo  stitial 


Intracellular 

i 


I*  •  • 
1  •  • 

1L  -V. 


CO 

05 

Fe#* 

p»* 

Cr9' 


I 

BVR 

T,«^ 

I,,,f 

— I nu I  i  n  — 

—  Sucrose  - 

—  Mannitol 

— S20,  - 

—  SO. - 


—  Br  - 

31 

—  Cl  »• 

t  4 

-  Na 

—  SCN 


ooo c 

)ooa 

oooc1 


Dt  0 
THO 


Antipyrine 


Plas- Inter-  Conn 
ma  stitial  t 
- - - - — 


RBC  Extracellular  Intracellular 

Fig  3-4.  Substances  Used  to  Measure  Compartments  op  the  Body  Fluids 

flus 

cellular  fluid  or  total  body  water. 
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For  this  reason,  it  is  always  a  question  as  to  whether  the  hematocrit  value 
used  is  representative  of  the  vascular  system  as  a  whole.  Despite  these  dif¬ 
ficulties,  however,  these  methods  for  measurement  of  plasma  or  red  cell 
volume  have  been  employed  to  investigate  a  wide  variety  of  experimental 
and  clinical  conditions  including  dehydration,  salt  depletion,  adrenocortical 
insufficiency,  congestive  heart  failure,  traumatic  shock,  hemorrhage,  and 
burns. 

In  the  measurement  of  the  extracellular  fluid  volume ,  there  are  many 
difficulties.  Thiocyanate  and  radioactive  sodium  have  long  been  known  to 
exceed  the  chloride  space  and  to  enter  cells  (9a).  Moreover,  chloride  itself 
enters  the  cells  of  certain  tissues  (9b)  and  there  is  evidence  that  a  moiety 
is  present  in  muscle  cells  (9c)  as  called  for  by  Conway’s  theory  (9d). 
Therefore,  the  apparent  volume  of  distribution  of  radioactive  chloride  must 
likewise  exceed  that  of  the  true  extracellular  phase.1  Since  the  apparent 
volume  of  distribution  of  inulin  (and  sucrose)  is  always  the  smallest  of  the 
solutes  that  readily  cross  the  capillary  barrier,  it  has  been  claimed  to  be 
a  measure  of  the  true  extracellular  phase,  and  on  the  basis  of  this  claim 
large  portions  of  sodium  and  chloride  have  been  assigned  to  the  intracel¬ 
lular  fluid  (9e-g).  However,  Cotlove  (9h),  Wallace  and  co-workers  (9i)  have 
recently  presented  evidence  that  suggests  that  our  concept  of  the  extra¬ 
cellular  fluid  has  been  oversimplified  and  that  the  inulin  space  is  not  the 
final  answer  to  its  measurement.  These  workers  have  demonstrated  that 
chloride  and  sodium  rapidly  diffuse  into  collagenous  connective  tissue 
whereas  inulin  and  thiosulphate  do  not.  They  suggest  that  the  extracel¬ 
lular  phase,  outside  of  the  plasma  in  the  vascular  system,  should  be  par¬ 
titioned  into  two  subphases:  the  interstitial  fluid  which  is  an  ultrafiltrate 
of  plasma,  and  connective  tissue.  The  inulin  space  defines  only  the  plasma 
and  the  first  of  these  two  subphases  while  chloride  and  sodium  diffuse  rap¬ 
idly  through  both  subphases  before  entering  more  slowly  the  true  intra- 
cellular  fluid  Such  a  relationship  received  support  from  the  observations 
o  Singer  et  al.  (9j)  that  sodium  injected  as  sodium  bicarbonate  enters  rap- 
i  y  mto  about  22  per  cent  of  the  body  weight,  as  compared  to  the  average 
inulin  space  of  16  per  cent,  before  diffusing  more  slowly  into  a  further  por- 

smmmsSi 

i»  less,  and  is  in  accord  with  the  theory  hat  chlorH^'  Volume  of  chloride 

like  a  perfect  osmometer)  This  is  ,  vi  I  !  !S  excludocl  from  cells  (which  act 

tween  the  etttf^aiid^traeeHu^ar  phaM^of^the  water  be  - 

as  a  primary  determinant  of  tol  d  i  K  '  utds,  b)  the  status  of  sodium 

the  predominantly  extracellular  position  of  chloride .aU°n  ,h°  '’°',y  flUid8'  and  c> 
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tion  of  the  body.  A  similar  interpretation  can  well  be  made  of  the  findings 
of  Swan  et  cil.  (9k)  who  showed  that  in  nephrectomized  dogs  the  volumes  of 
distribution  of  sucrose,  raffinose,  and  inulin  were  definitely  smaller  than 
those  of  mannitol,  thiosulfate,  and  radiosulfate.  This  more  complex  concept 
of  the  extracellular  fluid  is  shown  diagrammatically  at  the  bottom  of  figure 
3-4  as  an  alternative  to  the  simpler  concept  presented  at  the  top  of  the  fig¬ 
ure.  While  the  more  complex  hypothesis  may  explain  many  of  the  discrep¬ 
ancies  observed,  we  are  left  at  present  with  no  method  for  the  exact  meas¬ 


urement  of  the  “true”  extracellular  phase. 

There  are  other  difficulties  with  respect  to  this  measurement  in  the  intact 
organism.  Not  only  do  sodium  and  chloride,  and  perhaps  some  of  the  other 
solutes  used  for  measurement,  enter  the  intracellular  fluid  but  they  also 
cross  cellular  barriers  into  special  fluid  pools  and  depots.  These  have  been 
termed  by  Moore  (91)  the  transcellular  fluids  and  consist  of  fluids  in  the 
gastrointestinal  tract,  in  serous  and  synovial  cavities,  in  the  lower  urinary 
tract,  and  of  cerebrospinal  fluid,  and  of  bile.  Segregation  of  solutes  in  those 
depots  may  introduce  definite  errors  in  the  measurement  of  the  true  extra¬ 
cellular  fluid  (9m).  Bone  has  also  been  shown  to  exchange  significant  amounts 
of  sodium  with  the  extracellular  fluids  (9n)  and  so  to  introduce  yet  one 
more  source  of  error.  Nevertheless,  the  apparent  volumes  of  distribution  of 
these  substances  listed  in  table  3-II  have  been  determined  in  many  studies 
to  approximate  the  magnitude  of  the  extracellular  compartment  (lOa-u), 
a  fraction  of  the  body  which  has  been  shown  to  be  larger  per  unit  weight 

in  infants  than  in  adults  (10s,  t)  (table  3-III). 

The  absolute  measurement  of  total  body  water  has  been  attempted  by 
observing  the  volume  of  distribution  of  numerous  substances  which  aie 
thought  to  diffuse  through  all  the  water  of  the  body.  Some  of  the  substances 
sue: eested  in  the  past  have  been  urea  (11a),  thiourea  (lib),  and  sulfam  a- 
mi(fe  (11c  d).  Urea  is  difficult  to  use  because  of  its  rapid  formation  in  the 
body  Thiourea  is  destroyed  within  the  body  and  sulfanilamide  enters  cells 
in  an  unequal  ratio  to  its  extracellular  concentration.  More  recently,  water 
with  ladled  isotopes  of  hydrogen  has  been 

isotopes  are  heavy  water,  which  is  deuterium  oxide  or  D50  (  On  He  h)  a 

measurement  of  the  requbesThe  use  of  complex  appara- 

more  easily  obtainable  .  or  the  use  of  a  mass  spec- 

tue  for  »he  line 

trometer.  Antipynne  and  its  derivative,  A  aceiy 
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also  been  suggested  for  the  measurement  of  total  body  water  (10c,  1  If,  j). 
The  chemical  determination  of  this  substance  is  less  difficult  but  it  has  the 
disadvantage  of  being  fairly  rapidly  destroyed  in  the  body.  It  is  there¬ 
fore  necessary  to  make  an  arbitrary  correction  for  this  decrement  or  to 
extrapolate  the  plasma  disappearance  curve  back  to  zero  time  (fig.  3-3,  A) 
in  order  to  calculate  its  volume  of  distribution.  The  volumes  of  distribution 
of  both  labelled  water  and  antipyrine  are  in  reasonably  good  agreement 
with  each  other  and  with  the  values  for  total  body  water  obtained  by  whole 
body  desiccation  (llk-m)  or  by  specific  gravity  determination  (12a,  b). 
As  in  the  case  of  the  extracellular  fluid,  these  methods  indicate  that  in 
comparison  to  adults  (table  3-1 1) ,  the  total  body  water  of  infants  consti¬ 
tutes  a  greater  relative  proportion  of  the  total  body  weight  (table  3-III). 

The  specific  gravity  of  the  whole  body  is  a  function  of  its  content  of  fat 
and  water,  and,  where  determined  under  research  conditions,  it  can  be 
used  to  calculate  the  proportion  of  each  in  a  given  subject.  Such  studies 
indicate  a  reciprocal  relationship  between  water  content  and  fat  content  of 
the  body,  i.e.,  the  fatter  the  subject  the  less  body  water  he  has  in  relation 
to  weight.  For  this  reason,  normal  values  for  total  body  water  are  better 
related  to  the  “lean  body  mass”  which  is  made  up  of  the  tissues  of  the  body 
minus  the  variable  fat  content.  For  the  methods  of  calculation  of  the  “lean 
body  mass”  see  Section  III  of  this  chapter. 


B.  Isotope  Dilution  and  Turnover 

Ihe  apparent  volume  of  distribution  technic  has  been  extended  to  meas¬ 
ure  by  dilution  of  radioactive  isotopes  the  total  body  pool  of  certain  solutes. 
This  has  been  applied  especially  to  the  determination  of  total  body  sodium 
(lOd,  g,  n,  o,  s,  13a-f)  and  total  body  potassium  (13a,  b,  e,  g,  h).  In  the 
case  of  the  latter,  radioactive  potassium,  K42,  is  injected  and  the  net  amount 
retained  at  the  end  of  24  hours  is  measured.  Since  only  a  small  proportion 
of  the  body  potassium  is  in  extracellular  fluid,  the  concentration  in  plasma 
cannot  be  used  lor  the  calculation.  Instead,  the  total  retention  of  the  radio¬ 
active  isotope  is  divided  by  the  specific  activity  of  isotope  in  the  urine. 
1  hat  is,  the  ratio  of  the  radioactive  isotope  to  the  ordinary  isotope  in  the 
urine  is  assumed  to  be  in  the  same  ratio  as  in  the  whole  body,  and  this  ratio 
substitutes  for  the  factor  of  concentration  in  the  usual  calculation  of  vol- 
ume  ol  distribution.  Values  so  obtained  for  total  body  potassium  have  been 
o  he  order  of  magnitude  of  45  milliequivalents  per  kilogram  of  body  weight 
(see  table  3-1 Y)  This  technic  should  provide  a  useful  tool  for  the  study 

d  azn‘ to h’ '  Ufrba,Ts’  especial‘y  since  Burrows  el  al.  (13i)  and  Wilson 

potass  um  n„nl  ",  a  t?  correlftion  betw^n  changes  in  the  radioactive 

pota  nm  mav  n  “  T**  °  p0tassium-  ^changeable  sodium  and 

potassium  may  be  measured  simultaneously  by  isotope  dilution  (13n-q) 
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Table  3-IV. 


TOTAL  EXCHANGEABLE  SODIUM  AND  POTASSIUM  IN  NORMAL  ADULTS,  AS  MEASURED 
BY  DILUTION  OF  THE  RADIOACTIVE  ISOTOPES 

Expressed  in  railliequivalents  per  kilogram  of  body  weight 


MALES 

FEMALES 

INVESTIGATORS 

Mean 

Min. 

Max. 

N* 

Mean 

Min. 

Max. 

N* 

SODIUM 

Forbes  and  Perley 

13a 

41.9 

32.3 

54. 1 

29 

39.5 

35.7 

41.6 

7 

Deane  and  Smith 

13e 

37.9 

33.9 

50.7 

6 

Edelman  et  al. 

13b 

41.4 

31.6 

46.0 

11 

41.0 

31.4 

45.9 

3 

Warner  et  al. 

13c 

40.6 

37.  6* 

43.6* 

13 

Miller  and  Wilson 

13f 

43.7 

39.5 

47.9 

10 

42.3 

39.4 

44.8 

6 

Ikkos  et  al. 

9g 

36.7 

34.2 

39.7 

5 

37.7, 

34.7 

41.8 

4 

POTASSIUM 

Deane  and  Smith 

13e 

41.7 

36.6 

44.9 

5 

Edelman  et  al. 

13b,  d 

46.8 

35.6 

53.6 

33 

40.7 

28.0 

47.2 

14 

Aikawa  et  al. 

13g 

31.5 

27.7 

35.9 

20 

Blainey  et  al.^ 

13h 

45.8 

27.4 

84.2 

17 

35.0 

21.3 

61.8 

7 

•  N  is  the  number  of  subjects 
i  2  standard  deviations  from  the  mean 
|  hospital  patients  without  diarrhea 


There  is  another  way  in  which  radioactive  isotopes  are  being  used  in  the 
study  of  body  fluid  dynamics.  Rate  of  turnover  or  exchange  of  solvent  or 
solute  between  two  compartments  of  body  fluids  can  be  determined  when 
there  has  been  no  net  transfer  of  either  between  them.  Such  uses  of  isotop- 
ically  labelled  water  have  been  reviewed  by  Pinson  (13j).  Radioactive  so¬ 
dium  has  been  employed  by  Gellhorn  el  al.  (13k,  1)  in  dogs  and  guinea  pigs 
and  Burch  et  al.  (13m)  in  human  subjects  to  demonstrate  the  rat®  at  which 
sodium  exchanges  back  and  forth  between  plasma  and  interstitial  fluid. 
The  latter  workers  calculated  that  in  the  normal  human  subject  approx¬ 
imately  32  per  cent  of  the  total  plasma  sodium  and  13  per  cent  of  the  total 
interstitial  sodnirn  exchanged  by  diffusion  each  minute  .Sue  ha  Uirnover 
is  eauivalent  to  approximately  ten  kilograms  of  salt  pci  day.  1  he  disti 
t  on  k  netTcs  of  intravenously  injected  radioactive  potassium  have  been 

ssssi 

gastrointestinal  fluid  exchanges,  plasma :  red  cell  exchanges,  < 
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changes  into  cerebrospinal  fluid,  the  aqueous  humor  of  the  eye,  the  pla¬ 
centa,  the  muscles,  the  nerves,  and  the  liver. 

C.  Balance  Technic 

This  technic  depends  upon  obtaining  an  accurate  or  quantitative  knowl¬ 
edge  of  the  intake  and  output  of  a  body  constituent.  Much  has  been  learned 
in  this  way  about  the  function  of  many  substances  in  the  body  other  than 
the  structural  components  of  the  body  fluids.  The  balance  technic  as  applied 
to  the  latter  has  been  extremely  useful,  both  scientifically  and  clinically, 
in  increasing  our  knowledge  of  the  physiology  and  in  improving  our  therapy 
of  body  fluid  abnormalities.  Since  much  that  we  know  has  been  obtained 
by  this  technic,  and  since  it  best  demonstrates  the  quantitative  results  of 
fluid  therapy  in  many  conditions  discussed  in  various  sections  of  this  book, 
the  application  of  the  balance  method  to  the  dissection  of  the  fluid  structure 
of  the  body  is  presented  in  detail.  A  system  for  quantitative  interpretation 
of  balance  data,  as  applied  to  the  study  of  body  fluids,  follows  here.  A  more 
detailed  critique  of  the  balance  method  is  to  be  found  in  the  Appendix. 

A  balance  is  a  measurement  over  a  given  period  of  time  of  the  relation 
of  intake  of  a  substance  to  its  output.  When  the  output  is  less  than  the  in¬ 
take  and  some  of  the  substance  in  question  is  retained  in  the  body,  the 
substance  is  in  positive  balance  (fig.  3-5,  days  5  to  13);  when  the  output 
exceeds  the  intake,  a  negative  balance  obtains  (fig.  3-5,  days  14  to  17); 
when  output  just  equals  intake,  the  subject  is  in  equilibrium  (fig.  3-5,  day 
4).  Such  quantitative  information  concerning  the  principal  solutes  of  the 
body  fluids  plus  their  concentration  in  plasma  plus  the  body  weight  con¬ 
stitute  observed  data.  From  these  observed  data  the  derived  data  may  be 
obtained  by  various  systems  of  calculation.  One  such  system  is  presented 
in  detail  with  graphic  illustrations  in  the  following  section.  It  should  be 
emphasized  that  the  values  so  derived  estimate  changes  in  fluid  phases  and 
solutes,  in  contradistinction  to  the  absolute  measurements  made  by  the 

\  olume  of  distribution  and  isotope  dilution  technics  described  in  the  pre¬ 
ceding  section. 


Since  the  total  output  of  water  cannot  be  readily  measured  due  to  losses  by 
vaporization  and  sweat,  the  balance  or  change  in  total  water  must  be  calcu¬ 
lated  from  changes  in  weight  corrected  for  solids  lost  and  food  burned  Given 
such  a  calculated  change  in  total  water,  it  can  be  partitioned  into  extra-  and 
mtracellular  portions  in  various  ways.  Usually  this  depends  on  the  balance  and 
c  unge  m  concentration  of  a  solute  restricted  mainly  to  extracellular  fluid 
i  oride  is  commonly  employed  in  this  capacity  although  all  the  questions  are 
pertinent  here  in  respect  to  its  phase  distribution  which  have  been  discussed 
above.  Given  such  a  solute,  an  absolute  volume  of  extracellular  fluid  must  be 
measured  or  assumed  as  a  starting  point  for  the  calculation.  Except  “s  of 


84 


BASIC  PHYSIOLOGY  AND  FUNDAMENTAL  PRINCIPLES 


Patient  :  G.M.  42  9  W  Rheumatoid  arthritis 
Therapy  : 

5 

Weight 

5 

kg 


48- 


Daily  balance 


intake 


+  100- 

• 

- 

^output 

U‘ 

Sodium 


mEq 


-300- 


Total  per 
period  . 


,  10  15 

T I  me  -  days  0 

Fig.  3-5.  Changes  in  Sodium  Balance  Induced  by  the  Administration 
of  Adrenocorticotrophic  Hormone  (ACTH) 

On  a  constant  intake  of  sodium  throughout  the  study  the  output  of  sodium  was 
diminished  during  the  ACTH  therapy  and  increased  fo  lowing  .ts  withd jvaL  T 
result  was  a  positive  balance  followed  by  a  negative  balance  of  the  ion  of  approxi 
mately  the  same  magnitude.  The  corresponding  gain  and  loss  o  weigM  are  showm 
This  is  due  to  the  concomitant  retention  and  elimination  of  water.  (From  data 

Brown  et  al.  (21b). 

extreme  edema  or  dehydration,  as  assumption  of  a  volume  is  valid  since  such  a 
value  can  vary  over  a  considerable  range  without  much  effect  on  he  calculated 
changes.  The  use  of  this  technic  in  calculating  changes  in  total  body  water 
changes  in  extracellular  fluid  as  equated  with  the  chloride  space,  changes  n 
intracellular  fluid  as  the  difference  between  the  two,  and  changes  i 
tribution  of  certain  electrolytes  between  these  two  phases,  is  shown  in  t 
following  paragraphs  and  figures.  These  derived  data  are  calculated  according 

‘°r^r^t^ted  from  the  change  in  body  weight 
(AWT^orrected  for  the  balance  of  solids  and  the  metabolic  mixture  by  the 
formula  as  derived  by  Peters,  Kydd  and  Lavietcs  (14.1,  I). 

AW  =  AWt.  +  (S.  -  S,)  +  (C  +  F  +  0.54P)  M 

I  raCj  onfi  O,  =  solids  of  excreta  and  ingesta,  respectively, 

Ind  C  P,  and  F  =  carbohydrate,  protein,  fat  metabolized,  respectively. 
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The  metabolic  mixture  is  estimated  as  follows.  Carbohydrate  (C)  burned  is 
taken  as  the  carbohydrate  given.  Protein  (P)  burned  is  taken  as  equivalent  to 
the  nitrogen  excreted  in  the  urine  X  6.25.  The  fat  metabolized  may  be  calcu¬ 
lated  from  the  insensible  weight  loss  (IL)  since  the  latter  is  related  cjuan  1  a- 
tively  to  the  total  caloric  value  of  the  metabolic  mixture  and  the  carbohydrate 
and  protein  components  are  known.  This  relationship  is  formalized  in  the 

following  equation  (14e): 

F  =  (IL  -  2.12C  -  1.69P)/3.78  {U) 

where  IL  is  determined  from  the  weights  of  the  intake  and  the  output  and  the 
change  in  total  body  weight  (AWt.)  as  follows: 

IL  =  (wt.  intake  —  wt.  output)  —AWt.  {12) 

When  IL  is  falsely  large  due  to  sweating,  an  average  normal  value  must  be 
assumed.  Under  such  circumstances,  however,  balances  of  electrolytes  are 
suspect. 

Change  in  extracellular  fluid  volume  (AE)  is  calculated  from  the  change  in 
concentration  of  chloride  in  extracellular  water  ([C1]e),  the  balance  of  chloride 
(bcl),  and  an  initial  extracellular  volume  (Ei)  either  assumed  or  measured,  in 
the  following  manner: 

E2  =  (E,[Cl]El  +  bci)/[Cl]E2  {13) 

AE  =  E2  -  Ei  {14) 

[Cl]El  and  [C1]e2  are  calculated  from  their  corresponding  concentrations  in 
serum,  [C1]S1  and  [Cl]82  by  use  of  a  Donnan  equilibrium  factor  of  0.95,  as  fol¬ 
lows: 


[C1]E 


[Cl]9 

0.95  X  [H20]8 


{15) 


where  [H20]8 ,  the  concentration  of  serum  water  in  kilograms  per  liter  is  as¬ 
sumed,  measured  directly,  or  calculated  from  the  serum  total  protein  concen¬ 
tration  ([P]8)  in  grams  per  cent,  by  the  following  equation  (14f): 

[H20]8  =  0.986  -  0.00745  [P]8  ( ) 

Change  in  plasma  volume  (APV)  is  calculated  from  the  relative  red  cell  vol¬ 
umes  (hematocrit)  ([Ilkt])  and  hemoglobin  concentrations  ([lib])  of  whole 
blood  : 


pv  _  PV,(1  -  [Hkt]2)Hb, 

2  (i  -  [HktunbT  (;7) 

^pv  =  pv2  -  py, 

where  PV,  is  measured  or  assumed  (as  5.5  per  cent  of  body  wt.  (14a)  This 
calculation  is  based  on  the  assumption  that  the  total  circulating  red  cell  mass 
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is  unchanged  and  that  the  hematocrit  value  of  the  blood  sample  represents 
that  of  the  blood  of  the  whole  body.  The  use  of  the  hemoglobin  concentration 
corrects  for  changes  in  the  water  content  of  red  cells. 

Change  in  intracellular  fluid  (AI)  is  calculated  simply  as  the  difference  be¬ 
tween  the  changes  in  total  water  and  in  extracellular  fluid: 


AI  =  AW  -  AE 


(19) 


From  the  values  for  the  volumes  of  extracellular  fluid  (Ei  and  E2),  from  the 
concentration  of  sodium  and  potassium  in  extracellular  fluid  ([Xa]E  and  [K]e), 
and  from  their  external  balances  (bNa  and  bn),  the  exchanges  of  these  two  ions 
between  the  extra-  and  intracellular  phases  of  the  total  body  fluids  (ANaE  and 
ANai ,  AKe  and  AKi)  are  calculated  as  follows: 


AXaE 

=  E2[Na]E2  —  Ei[Xa]E! 

m 

AXai 

=  bNa  —  AXaE 

<«) 

AKe 

=  E2[K]e2  -  E![K]ex 

(*) 

AKi 

=  bx  —  AKe 

(23) 

where  [Na]E  is  determined  from  the  concentration  of  sodium  in  serum  ([Xa]8), 
the  Donnan  factor  of  0.95  and  the  concentration  of  serum  water  ([H20].)  as 
follows: 


0.95[Na]„ 

[H20]s 


m 


Because  of  its  small  magnitude  and  the  uncertainty  of  the  proportion  that, 
may  be  un-ionized,  the  concentration  of  potassium  in  extracellular  fluid 
([K]e)  is  taken  to  be  the  same  as  that  in  serum  ([K],). 

Change  in  intracellular  potassium  (AKi)  is  further  corrected  by  the  nitro¬ 
gen  balance  (bN)  to  indicate  that  portion  of  intracellular  potassium  that  is 
transferred  independently  of  the  catabolism  or  anabolism  of  tissues,  or  “in 
excess  of  nitrogen,”  (AKi'): 

AKi'  =  AKi  -  AKP  (25) 

AKP  =  2.4  bN  or  3.0  bN  (~6^ 


where  bN  is  expressed  in  grams  and  AKP  in  milliequivalents. 

In  cases  where  the  concentration  of  nonprotein  nitrogen  in  the  bod*  flu 
has  risen  or  fallen  more  than  a  few  milligrams  per  cent  durmg  the  balance 
period,  the  nitrogen  balance  must  be  corrected  (bN  ),  using  an  assumed  \a 
for  total  body  water  (VV)  as  equal  to  ±  0.65  wt.: 


bN'  =  bN  -  (ANPN  X  W) 


(») 


The  factor  2.4  in  equation  26  has  been  taken  to  be  the  ratio  of  pot^smm  in 
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the  range  being  2.4  to  3.0.  In  the  past,  the  authors  have  used  a  potassium  :  nitro¬ 
gen  ratio  of  2.4  as  above.  Albright  et  al.  recommend  2.7,  while  Darrow  has 
used  in  his  calculations  a  value  of  3.0  (14h).  Since  Lilienthal  and  co-workers 
(2e)  (see  p.  70  above)  have  found  a  ratio  of  3.5  milliequivalents  of  potassium 
to  one  gram  of  noncollagenous  nitrogen,  the  higher  ratios  are  probably  more 


nearly  correct. 

In  addition  to  the  transfers  of  sodium  and  potassium,  certain  calculations  can 
be  made  with  respect  to  interphase  exchanges  of  bicarbonate  and  hydrogen 
(14i-k).  This  method  of  approximation  is  likewise  based  on  the  chloride  space 
and  consists  essentially  of  calculating  hydrogen  transfers  from  changes  in  the 
absolute  amount  of  total  extracellular  bicarbonate  corrected  for  hydrogen 
taken  up  or  released  by  buffer  proteins  in  blood  and  for  hydrogen  lost  or  con¬ 
served  by  the  kidney.  The  resultant  must  approximate  hydrogen  moving  in  one 
direction  or  bicarbonate  in  the  other  direction,  between  extracellular  and  intra¬ 
cellular  phases. 

One  further  modification  is  essential  in  order  to  calculate  the  hydrogen  ex¬ 
changed  with  blood  buffers:  the  total  extracellular  fluid  must  be  subdivided 
into  the  two  phases  of  plasma  (p)  and  interstitial  fluid  (f).  In  addition,  the  red 
cells  (r)  are  included  with  the  extracellular  phase  (e).  For  each  of  these  three 
“extracellular”  subcompartments  the  change  in  absolute  amount  of  bicar¬ 
bonate  (AHCO3)  is  calculated  from  the  initial  and  final  volumes  (v)  and  bi¬ 
carbonate  concentrations  ([HCO3]): 


AHCO3  =  VdHCOsh  -  YdHCOg] 


(28) 


Change  in  bicarbonate  of  plasma  and  red  cells  can  be  calculated  as  a  unit,  i.e., 
in  whole  blood,  according  to  the  above  equation,  from  the  bicarbonate  con¬ 
centration  calculated  from  measured  total  carbon  dioxide  content  and  pH  of 
whole  blood,  and  from  a  measured  or  assumed  blood  volume  of  80  milliliters  per 
kilogram  weight.  Successive  blood  volumes  (Vb2)  are  derived  from  the  initial 
blood  volume  (Vbl)  and  the  corresponding  hemoglobin  concentration  ([Hb]) : 


(29) 


Successive  plasma  volumes  (Vp)  are  calculated  from  the  blood  volumes  (Vb) 
according  to  the  hematocrit  and  the  interstitial  volume  (Vf)  taken  as  the 
difference  between  the  total  extracellular  volume  and  (Vp).  The  concentrations 
of  bicarbonate  in  interstitial  fluid  ([HC03]f)  are  taken  from  those  in  plasma 
([HC03]P)  according  to  a  Donnan  factor  of  1.16: 


[HCOalf  =  1.16[HCOi]p 


(SO) 


AHC°3er  =  AHC03r  +  AIIC03p  +  AHCOg, 

The  change  in  hydrogen  is  equivalent  to  that  in  the  blood  buffer  ani 


(SI) 

anion  (hemo- 
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globin  and  plasma  protein)  (ABufJ,  which  is  calculated  according  to  the 
data  of  Dill  el  al.  (14j,  k): 


ABuf;  =  [7.0  Vp  +  2.3[Hb]bVb]ApH  (82) 


where  [Hb]  is  the  hemoglobin  concentration  in  millimols  per  liter  and  ApH 
is  expressed  in  units  of  1  =  0.01. 

One  further  correction  is  necessary,  namely,  the  balance  of  hydrogen  (bH+) 
calculated,  in  the  absence  of  intake,  from  the  urinary  excretion  of  ammonia, 
(UVnh4+),  titratable  acid  (UVta)  and  bicarbonate  (UVhco3): 

bH+  =  —  [(UVnh4+  +  UVta)  -  UVhco"31  (SS) 


The  final  calculation  can  then  be  made  of  the  change  in  intracellular  hydrogen 
(AHJ")  that  had  to  be  transferred  in  or  out  of  cells  in  association  with  these 
corrected  shifts  of  extracellular  bicarbonate. 

AH+  =  AHCOJer  +  ABuf~  +  bH+  ffl) 

Since  the  transfer  of  hydrogen  out  of  cells  cannot  be  distinguished  from  the 
transfer  of  bicarbonate  into  cells,  and  vice  versa,  this  relationship  holds. 

AH  i  =  —  AHCOa,  ('%S) 


These  exchanges  of  cations  between  phases  are  based  on  the  assumption  that 
chloride  remains  extracellular.  Although  this  may  not  always  be  so  the  prob¬ 
ability  is  against  there  being  enough  of  a  shift  of  chloride  across  the  phase 
boundary  to  invalidate  the  direction  of  the  calculated  transfers  of  cations. 
Where  such  an  error  does  occur  it  will  affect  the  calculated  changes  in  intia- 
cellular  sodium  (AXai)  to  a  far  greater  extent  than  those  of  potassium  (A  i) 
because  of  the  predominantly  extracellular  position  of  the  sodium  ion.  On 

stir, 

The  system  of  calculating  such  derived  data  ^  in 

sented  above,  can  be  shown  gia|,hic  .  '  disturbances,  and  will  be 

dissecting  the  fluid  abnormalities  m  vaiio  ■  •  the  body  fluids 

used  extensively  throughout  ^  connate  and  concenter- 

can  be  described  by  a  rectang  c  w i  i '  euuivalent  to  the  total  amount 

tion  as  the  other.  The  area,  therofoic,  «.ll  e  eiiU.^alcnt  ^  ^  ^  ^ 

of  solute  (fig.  3-e,  A).  1  Ins  rectang^ep  extracel|uiar  and  tiie  intracellular. 
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Fig.  3-6.  Graphic  Presentation  of  the  Body  Fluids  in  Terms  of  (A)  Total 
Amount  of  Solute,  (B)  Some  of  the  Principal  Fluid  Constituents 
and  Their  Movements,  and  (C)  Cation: Anion  Patterns  Super¬ 
imposed  on  the  Several  Phases  of  Body  Fluids 


and  some  of  these  exchanges  can  be  quantitated  or  estimated  by  the  balance 
technic  detailed  above.  I  hese  solutes  and  their  exchanges  are  illustrated  in 
hguie  3-(5,  B.  It  is  to  be  noted  that  in  addition  a  state  of  osmotic  inactivity  may 
occur  within  the  cells  (see  below),  which  state  is  represented  by  the  crosshatched 
area  on  the  right.  For  purposes  of  illustration,  one  can  take  this  rectangle 
divided  into  two  phases  and  superimpose  on  each  phase  a  bicolumnar  pattern 
of  cations  and  anions  (fig.  3-6,  C).  Since  the  height  of  each  ion  represents  concen¬ 
tration  throughout  the  whole  phase,  the  total  amount  of  each  ion  is  the  height 
times  the  width  of  the  phase,  not  the  width  of  the  individual  cation  or  anion 
column.  Given  these  schemata  for  representing  the  total  body  fluids  and  some 
of  their  main  electrolytic  constituents,  these  changes  as  calculated  by  the  above 
equations  are  illustrated  in  figure  3-7. 

Similar  methods  of  calculating  from  balance  data  various  alterations  in 
the  body  fluids  have  been  used  by  Darrow,  by  Albright  and  co-workers 
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E  I 


Fig.  3-7.  Some  Changes  in  Body  Fluids  as  Determined  by  the  Balance 

Technic 

In  rectangle  A  a  loss  of  total  body  water  and  solids  in  the  proportions  in  which 
they  exist  in  the  body  is  shown  without  subdivision  into  component  parts.  B  illus¬ 
trates  a  proportional  deficit  of  extracellular  water  and  electrolytes  without  change 
in  concentration.  Proportional  deficits  of  extracellular  and  intracellular  constituents 
are  shown  in  C.  In  the  next  rectangle,  deficits  of  extracellular  and  intracellular  so¬ 
dium  out  of  proportion  to  the  losses  of  water  have  lowered  the  concentrations  of  this 
electrolyte.  Similar  changes  in  potassium  and  water  make  up  E.  In  the  final  figure 
F,  the  osmotic  activity  of  cell  base  has  decreased  during  dehydration,  releasing  ce 

water  to  the  extracellular  spaces. 


and  by  others  (14h,  16a,  b).  The  balance  technic  with  values  so  derived  has 
been  employed  in  the  investigation  of  a  wide  variety  of  experimental  am 
clinical  conditions.  The  former  include  dehydration,  sodium  and  chloride 
depletion,  potassium  depletion,  sodium  exxess,  potassium  excess,  and  meta¬ 
bolic  or  respiratory  acidosis  and  alkalosis.  Clinical  conditions  investigated 
by  the  balance  technic  include  diabetic  acidosis,  pyloric  obstruction,  in¬ 
fant  diarrhea,  postoperative  gastrointestinal  fluid  losses,  acute  and  chionu 
renal  insufficiency,  renal  tubular  acidosis,  nephrosis,  cirrhosis  admno 
cortical  hypofunction  and  hyperfunction,  diabetes  insipidus  congestive 
heart  failure,  hypertension,  and  the  endocrine  and  ™^1,c  a^n“n  ; ^  ) 

associated  with  major  surgical  procedures  (see  tables  23-11  to  23-A  U,  me.) 
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The  use  of  the  balance  technic  in  the  study  of  some  of  these  clinical  condi¬ 
tions  is  illustrated  in  various  portions  of  this  book. 

The  estimation  of  changes  in  constituents  of  the  body  fluids  from  balance 
measurements  has  stemmed  from  the  classic  observations  of  Gamble,  Ross, 
and  Tisdall  (17a)  on  the  parallel  movements  of  water,  nitrogen,  and  the 
fixed  bases  in  fasting  epileptic  children.  These  workers  interpreted  their 
findings  to  indicate  that  the  bases  of  the  body  fluids  were  entirely  dissoci¬ 
ated  or  ionized  and  that  on  such  an  assumption  the  change  in  volume  of 
water  in  the  extra-  and  intracellular  phases  could  be  calculated  from  the 
balances  of  their  respective  cations,  sodium  and  potassium.  Equations  for 
such  calculations  were  formulated  and  this  concept  was  critically  reviewed 
by  Peters  and  by  Lavietes,  D’Esopo,  and  Harrison  (17b,  c)  who  pointed 
out  that  balances  of  sodium  and  potassium  would  not  indicate  osmotic 
shifts  of  water  due  to  changes  in  concentration  of  electrolytes  in  either 
phase.  They  did  not,  however,  find  any  discrepancies  between  the  balances 
of  water  and  base  in  their  experiments,  presumably  because  the  changes 
were  not  large  enough  to  furnish  definitive  evidence.  Water  and  base  ex¬ 
changes  of  greater  magnitude,  experimentally  induced  in  dog  and  in  man, 
were  analyzed  by  the  authors  in  collaboration  with  their  late  colleague, 
Dr.  A.  W.  Winkler  (1/d).  In  about  one-third  of  the  periods  discrepancies 
were  found  between  the  observed  balance  of  sodium  plus  potassium  and 
the  balance  of  base  predicted  from  the  water  balance  and  the  change  in 
base  concentration  in  the  body  fluids  (fig.  3-8).  In  the  absence  of  alternative 
explanations  of  error  in  measurement,  in  analysis,  or  in  assumptions  under¬ 
lying  the  calculations,  such  a  discrepancy  could  best  be  accounted  for  by 
a  change  in  the  osmotic  activity  of  the  base  within  the  body,  presumably 
in  the  intracellular  fluid. 


Change  in  osmotically  active  cell  base  (ABO  is  calculated  from  the  chan-e  in 
total  water  (AW)  and  from  the  concentration  of  sodium  in  extracellular  fluid 
(bva]E).  I  base  calculations  derived  from  the  chloride  balance  or  from  r^flior 


B.  =  W.IB], 

Bi  =  (W,  +  AW)[BJ, 


(36) 

(37) 


The  predicted  base  balance  (b8)  is  then  derived  from  these  values: 


bB  =  B2  —  Bj 


(38) 
balance  of 


The  difference  between  the  predicted  base  balance  and  the  observed 
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Fig.  3-8.  Evidence  fok  the  Occurrence  of  Changes  in  Cellular 

OSMOLARITY 

This  phenomenon  was  invoked  to  explain  the  discrepancies  between  the  predicted 
(bB)  and  observed  (bNa+K)  base  balances  in  dog  and  in  man  i 
mental  conditions.  (From  Elkinton,  Winkler  and  Danowski  (l<d).)  lie  fact  that 
correlation  between  the  measured  and  the  theoretical  balances  of  body  base  is  no 
unity  suggests  that  the  osmotic  activity  of  cell  base  has  increased  or  decreased. 

I  imitations  of  analytic  technic  have  been  considered  in  advancing  this  explanation 
The1  segregation  of  base  in  non-ionic  form  probably  involves  chelation  with  other 

ions  such  as  protein  and  phosphate. 

sodium  plus  potassium  (bN,  +  k)  is  therefore  an  internal  change  in  osmotically 
active  base  (AB  i) : 

AB  i  =  bs  —  bNa  +  K  ($9) 

Changes  in  osmotic  activity 

^,r:;::=cmore  ^ - 

Sli"^  of  evidence 

EKi  ^e  30  or  40  per  cent  iess 
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than  those  predicted  if  osmotic  equilibrium  following  changes  in  extra¬ 
cellular  electrolyte  concentration  were  achieved  by  transfers  of  water  alone. 
Opie  (18b)  has  found  that  the  isotonicity  of  perfusion  fluids  of  tissue  slices 
from  many  different  organs  varies  over  a  wide  range.  Robinson  (18c,  d)  has 
reported  large  differences  in  the  uptake  of  water  by  slices  of  the  renal  cortex 
of  the  rat  under  aerobic  as  compared  to  anaerobic  conditions.  Mudge  (18e) 
has  found  that  the  presence  of  oxygen  prevents  the  free  exchangeability  of 
some  40  per  cent  of  radioactive  potassium  introduced  into  the  rat  kidney 
cortex  slice,  and  Stanbury  and  Mudge  (18f)  localized  non-exchangeable 
potassium  in  the  mitochondria  of  the  cells  of  the  liver.  It  has  been  shown 
that  the  violent  muscular  activity  of  electric  shock  convulsions  produces 
shift  of  water  into  cells,  indicating  a  transient  increase  in  the  total  effective 
osmolar  concentration  (18g).  Similar  water  shifts  following  the  administra¬ 
tion  of  acids  and  metabolic  poisons,  and  the  production  of  anoxia,  have 
been  observed  bjr  Hamburger  and  Math6  (18h).  Other  evidence  has  been 
adduced  from  exchanges  in  a  variety  of  clinical  conditions  (4c,  14b,  c,  18i). 
Because  of  the  magnitude  of  some  of  these  changes,  cellular  osmolarity 
must  be  considered  as  a  factor  in  any  clinical  disturbance  of  fluid  balance. 
Its  relevancy  to  the  other  forces  of  fluid  exchange  is  shown  in  figure  1-9. 
Robinson  and  McCance  (18j)  have  reviewed  this  evidence  in  detail  and 
have  postulated  an  active  transport  of  water. 

The  validity  of  the  balance  technic  in  estimating  alterations  of  the  body 
fluids  thus  rests  on  a  wide  spectrum  of  experimental  methods.  Data  de¬ 
rived  from  balances  have  correlated  well  with  data  obtained  from  tissue 
analyses,  from  volumes  of  distribution,  and  from  isotope  dilution  studies. 
As  lesearch  technics  in  this  field  are  extended,  more  refinements  may  be 
expected  in  the  application  and  interpretation  of  balance  measurements. 
But  already  the  balance  technic  has  proved  a  major  tool  in  the  elucidation 
of  the  normal  and  pathological  physiology  of  the  body  fluids. 


D.  Regional  Exchanges  of  Fluid 

So  far  the  body  fluids  of  the  intact  organism  have  been  considered  as  a 
single  polyphasic  homogeneous  system.  As  indicated  in  chapter  1  and  in 
hgure  1-11  this  is  an  oversimplified  concept  which  fails  to  take  into  account 
e  multiplicity  ot  widely  separated  tissues  containing  these  fluid  phases 
and  which  are  connected  only  by  the  circulation.  It  is  reasonable  there¬ 
fore,  to  consider  the  various  methods  available  for  the  study  of  exchanges 

"ntr;: “"i”  ■"  ■«>  * . . . v 

It  has  long  been  recognized  that  variations  in  blood  flow  to  different  parts 
the  body  occur  under  a  wide  variety  of  conditions.  Methods  of  measure'- 
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ment  of  regional  blood  flow  have  included  the  plethysmograph  (which  meas¬ 
ures  changes  in  volume  of  a  limb  or  organ)  and  a  large  number  of  clearance 
technics.  Some  of  these  will  be  mentioned  here,  but  will  not  be  discussed  in 
detail.  Cerebral  blood  flow  has  been  measured  by  the  clearance  of  nitrous 
oxide  (19a),  hepatic  blood  flow  by  the  clearance  of  bromsulphthalein  (19b), 
renal  blood  flow  by  the  clearance  of  paraminohippurate  (19c).  Flow  of 
blood  through  the  heart,  or  cardiac  output,  strictly  speaking,  is  also  a  re¬ 
gional  blood  flow  and  is  likewise  quantitated  by  many  variations  of  the 
clearance  technic  (19d),  i.e.,  by  the  Fick  principle,  the  basic  equation  for 
which  is 


_  amount  of  solute  cleared 

change  in  concentration 


m 


As  these  methods  are  being  applied  to  many  experimental  and  clinical  con¬ 
ditions  much  is  being  learned  of  interrelationships  of  the  intrav  ascular 

fluid  dynamics  of  different  parts  of  the  body. 

Transfers  of  water  and  solutes  in  the  various  organs  of  exchange  with 
the  external  environment,  the  skin,  the  lungs,  the  gastrointestinal  tract, 
and  the  kidneys,  are  regional  exchanges  of  fluid.  These  exchanges  have 
already  been  discussed  in  chapter  1  and  the  methods  of  their  elucidation 

will  not  be  elaborated  upon.  ,  , 

The  several  specialized  “transcellular”  fluids,  alluded  to  previously  (p. 
80)  have  lent  themselves  especially  to  study  by  technics  of  isotope  turn¬ 
over  (n.  81).  This  is  well  illustrated  by  the  recent  demonstration  (19e)  of 
the  rapid  and  simultaneous  exchange  of  heavy  water,  D20,  between  bloo 
and  the  cerebrospinal  fluid  throughout  the  entire  cerebrospinal  systerm 
This  evidence  casts  doubt  upon  the  previously  held  concept  that  this  fluid 
is  formed  entirely  in  the  choroid  plexus  of  the  third  ventricle. 

Other  methods  of  determining  regional  fluid  abnormalities  are  being  de¬ 
veloped  Kety  (19f)  used  the  uptake  of  radioactive  sodium  to  measure  th 
removal  of  fluid  from  subcutaneous  tissues,  and  this  technic  has  been  stud- 

r«r  study  I.  .  W 

HI.  Correlated  Chemical  Dissection  of  the  Body 

.  .  i  •  f  d„.  tyndv  'ifter  death  for  its  content  of  solids,  fat, 
Chemical  analysis  o  tin  body  aite  ^  and  Yannet  (la)  (fig.  1-3) 

and  fluids,  as  done  in  dogs  >y  ‘  ’  „  ondSnrav  (lb)  has  now  been 

anil  in  humans  by  Widdowson,  McCance  and  Sp^y  (lb)  ^ 

extended  to  the  chemical  dissection  of  the  living  body  J 


METHODS  OF  STUDYING  DISTRIBUTION 


95 


various  methods  outlined  in  this  chapter.  Fluid  compartments  can  be  ap¬ 
proximated  from  the  volume  of  distribution  of  various  test  solutes  and  the 
total  “pools”  of  electrolytes  between  extra-  and  intracellular  phases  depend 
on  the  accurate  measurement  of  the  extracellular  fluid  volume  (table  3-II). 
Since  this  measurement  has  yet  to  be  validated,  data  so  derived  are  at  best 
rough  approximations.  Further  inaccuracies  are  introduced  by  the  unpre¬ 
dictable  extent  of  transfer  into  transcellular  fluids  and  bone.  With  these 
reservations,  however,  absolute  values  for  these  components  of  the  body 
can  be  calculated  and  tabulated  as  has  been  done  by  Moore  and  his  co¬ 
workers  (20a)  in  their  excellent  presentation  of  this  subject  (table  3-V  and 
figure  3-9) . 

The  amount  of  fat  in  the  body  can  be  calculated  from  the  total  body 
specific  gravity  or  from  the  total  water  content  as  determined  by  a  volume 
of  distribution  technic.  The  former  method  has  been  worked  out  by  Behnke 
(12a,  b,  20b)  and  the  resulting  data  agree  well  with  those  obtained  by  the 
second  method.  Pace  (20c),  using  isotopically  labelled  water  to  measure 
the  water  content  of  the  body,  calculated  the  per  cent  fat  by  the  following 
equation  which  is  based  on  the  assumption  that  the  water  content  of  lean 
(non-fatty)  tissue  is  73  per  cent: 


%  Fat  = 


100  -  %  H20 
0.732 


(4D 


McCance  and  Widdowson  (20d)  have  made  a  similar  calculation,  based  on 
the  less  satisfactory  measurements  of  extracellular  fluid  and  total  body 
water  by  the  volumes  of  distribution  of  thiocyanate  (ESCN)  and  ingested 
urea  (Wurea),  respectively. 


The  fat  (P )  in  the  body  was  calculated  as  the  total  body  weight  (Wt )  minus 

the  sum  of  the  weights  of  the  extracellular  fluid  (ESCn),  the  cell  mass  (CM) 
and  the  minerals  (m):  ,} 


F  =  Wt.  -  (Escn  +  CM  +  m) 

where: 


W) 


\  urea 


"XanTtherf  ""  ”**  (the  diff—  ^een 

m  =  0.075  (CM  +  Escn) 

shSino?  s  r,atio- 

and  undernourished  subjects.  ‘ '  ‘  °f  normal>  obese, 

Obviously,  the  fat,  the  water,  and  the  solid  content  of  the  body  can  vary 
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Table  3-V. 


TOTAL  BODY  COMPOSITION  IN  THE  ‘'AVERAGE"  ADULT 


MALE 

FEMALE 

Weight,  kgm. 

70 

57 

Surface  area,  sq.m. 

1.73 

1.60 

Specific  gravity 

1.067 

1.039 

Total  body  water  (D2O),  liters 
ml.  per  kgm.  wt. 

43.0 

614 

29.0 

509 

Total  body  fat,  kgm. 

gm.  per  kgm.  wt. 

11.0 

157 

17.0 

298 

Total  body  fat-free  solids,  kgm. 

gm.  per  kgm.  wt. 

16.0 

229 

11.0 

193 

Lean  body  mass,  kgm. 

gm.  per  kgm.  wt. 

59.0 

843 

40.0 

702 

Total  body  nitrogen,  kgm. 

1.9 

1.3 

Total  exchangeable  sodium,  mEq. 

mEq.  per  kgm.  wt. 

Total  exchangeable  potassium,  m 
mEq.  per  kgm.  wt. 

Extracellular  water 

Sodium  (3  hour),  liters 
ml.  per  kgm.  wt. 

Inulin,  liters 

ml.  per  kgm.  wt. 

Thiosulfate,  liters 

ml.  per  kgm.  wt. 

[ntracellular  water,  liters 
(based  on  Thiosulfate) 

ml.  per  kgm.  wt. 

♦Modified  from  Edelman  et  al. (20a) 

ependently  of  each  other,  and  this  fact 

ting  data  obtained  by  the  methods  outl  ned  m  ^  ^ 

son,  the  concept  of  the  lean  body jnass  which  fncludes  fat.  In 

shifting  reference  point  of  a  lot.  Jious  combinations  of  fat,  lean 
ire  3-10  are  illustrated  some  of  ^  irrespective  of  any  ab¬ 

ly  mass,  and  ^fl  .as'pcr'T Equations  for  calculating  changes  in  the 


2950 

42.2 

2250 

39.5 

3200 

45.7 

2300 

40.3 

18.0 

257 

13.0 

228 

11.0 

157 

8.5 

149 

11.5 

164 

9.0 

158 

31.5 

450 

20.0 

351 
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lean 

body 

mass 

(LBM) 
84  % 


cell 
mass 
(CM) 
62  % 


total 

body 

(W) 

h2° 

61  % 

total 

fat-free  (  FFS) 
solids  23% 


Fig.  3-9.  Total  Body  Composition  of  the  Average  Adult  Male 
Values  taken  from  Edelman  et  al.  (20a)  in  table  3-V 


Norma  I 

Same  lean  body  mass 


Obese 


fat 

lean 

body 

moss 


Thin 


Same  total  body  weight: 


fat 

lean 

body 

mass 


■  •  ■  ■ 

■  •  ■  • 
»  •  •  ■ 

•  ■  ■  ■ 

"  "  “  • 

•  •  ■  « 
■  • 

H2° 

•  •  •  ■J 
■  •  •  ■ 
•  •  •  • 

solids 

m 

„  VVATER>  and  Solids  According 

to  Body  Habitus 

of  ">*h‘  -  alter,  the  percent 

in  — — ■  -  -  %::z: 
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30Ch 


Circu  lating 
eosinophils 
Cumulative 


Nitrogen  bal.  OT 

jm. 

-  50-1 


Changes  in 
body 

composition 

kg. 


Phase  of  response: 


Time  : 


days 


l i me  :  uuj* 

Fig.  3-11.  Changes  in  Body  Composition  in  Disease:  Response  ok  tiie 
Normal  Person  to  the  Trauma  of  Operation 
(From  Moore  (20f ) .)  Following  operation  body  mass  is  lost  including  protein,  fat, 
water,  and  fat-free  solids.  Included  in  the  last  of  these  is  potassium. 

lated  by  Moore  and  co-workers  (20a) : 

ALBM  =  bN  X  30  U5) 

and  on  the  assumption  that  73  per  cent  of  the  lean  body  mass  is  water, 

the  formulae  of  Miller  and  Blyth  (20e) : 

(w 


C47) 


I  BM  =  20.97  "h  0.5101  creatinine 

,  TTV  is  the  excretion  rate  in  milligrams  per  hour, 

where  UVcreatinine  U1C 

lbM  =  _7.3C,  +  0.2929  (02  consumption) 

where  the  basal  O,  consumption  is  measured  >»  and  distribution 

Clearly,  much  can  be  learned  of  chafes  in  the  amoun  *  of 

***.  The  00*  of 
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Fig.  3-12.  Correlated  Chemical  Dissection  of  Congestive  Heart 
Failure:  Analysis  of  Body  Fluid  Abnormalities  by  Balance 

Study  during  Diuresis 

The  data  are  summarized  and  the  estimated  changes  plotted  on  a  volume-concen¬ 
tration  diagram  (as  in  fig.  3-6,  c).  The  salient  features  of  cardiac  edema  are  demon¬ 
strated  to  be  retention  of  intracellular  as  well  as  extracellular  water,  extracellular 
sodium  excess,  cellular  potassium  deficit,  and  increased  cellular  osmolarity.  (From 
Squires,  Crosley  and  Elkinton  (14c).) 


D-0  (  from  Hurst  et  ol  ) 


No24  (  from  Warner  etol) 


20  cardiacs 
ed  ematous 


48.8 


after 

diuresis 


39  3 


liters 


14  edematous  13  normal 
cardiacs  controls 


56.7 


40.6 


m  Eq.  per  kg . 

Flp  *:“•  CTEL™  Ci'Mi'CAL  Dissection  of  Congestive  Heart 
I  ailure:  Analysis  of  Boot  Fluid  Abnormalities  by  Isotope 

Dilution 

body  sodium.  (From 
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controls  cardiacs 
N  E 


308 


N  E 


per  unit  of  fat-free  per  kg.  of  muscle 

solids  of  muscle  intracellular  H20 

Fig.  3-14.  Correlated  Chemical  Dissection  of  Congestive  Heart 

Failure:  Muscle  Analysis 

The  muscle  analysis  shows  an  increase  in  intracellular  as  well  as  extracellular 
water  and  a  lowered  cellular  content  of  Na  and  K  in  relation  to  water.  (From  Talso 

el  al.  (5f).) 
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Fig.  3-15.  Correlated  Chemical  D.ssec  Abn0rmalit.bs  by 

The  date  show  that  the  abnormal  stale  ™ 
of  potassium  and  excess  of  sodium  (see  also  fig.  «»M* 


Crosley  (21c).) 
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13  4 

Normol  Low-  K  diet 
controls  +  DC  A 


m M ,  per  100  gm. 

Fig.  3-16.  Correlated  Chemical  Dissection  of  Potassium  Deficiency 
with  Metabolic  Alkalosis:  Muscle  Analyses  from  Experimental 

Studies  in  Hats 

The  muscle  from  animals  treated  with  a  low-K  diet  and  desoxycorticosterone  con¬ 
tained  less  potassium  and  more  intracellular  sodium  than  the  normal  contents. 
(From  Darrow  el  al.  (4n).) 

balance  data  with  absolute  measurements  by  volume  of  distribution  and 
isotope  dilution  technics,  and  the  interpretation  of  such  data  in  the  light 
of  underlying  assumptions  and  the  concept  of  lean  body  mass,  have  truly 
made  possible  the  chemical  dissection  of  the  living  body.  Much  remains  to 
be  done  to  improve  these  tools  of  investigation  and  to  apply  them  to  the 
elucidation  of  the  pathological  physiology  of  myriad  states  of  disease.  Ex¬ 
amples  of  applications  of  these  methods  are  illustrated  in  figures  3-11 
through  3-1 G. 


Summary:  Information  concerning  the  status  of  body  fluids  has  been 
accumulated  by  direct  analyses  of  tissue  samples  or  of  entire  carcasses  using 
chloride  as  an  index  of  the  extracellular  phase,  by  in  vitro  studies  of  sur¬ 
viving  tissues,  by  determination  of  the  apparent  volume  of  distribution  or 
dilution  of  radioactive  and  non-radioactive  test  substances,  by  determina¬ 
tion  of  the  whole  body  specific  gravity  in  conjunction  with  the  lean  body 
mass  as  reflected  in  creatinine  excretion,  by  measurement  of  rates  of  isotope 
turnover,  and  finally  by  the  balance  technic.  Information  derived  by 
means  of  these  procedures  enables  us  to  define  or  estimate  the  composition 

of  the  body  fluids  in  health  and  draw  conclusions  concerning  modifications 
which  result  from  disease. 
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Basic  Principles  as  Common  Denomina¬ 
tors  in  Clinical  Situations 


“Water  ...  is  the  image  of  the  ungraspable 
phantom  of  life;  and  this  is  the  key  to  it  all.” 

Herman  Melville  in  Moby  Dick 


Chapter  4 

THE  WATER  AND  THE  ELECTROLYTES  OF 
THE  BODY  IN  HEALTH 


I.  Water 

In  the  preceding  chapters  a  dynamic  concept  of  the  origin,  distribution, 
function  and  regulation  of  the  body  fluids  has  been  formulated.  In  this 
chapter  and  the  next  seven  which  follow,  these  facts  will  be  used  to  provide 
insight  into  regulatory  mechanisms  in  health  and  the  disturbances  which 
result  from  disease. 


A.  Total  Body  Water 

The  water  of  the  body  is  in  the  main  derived  from  water  present  as  such 
in  the  food  and  fluids  of  the  daily  intake.  In  addition  a  small  amount, 
some  200  to  300  cc.  per  day,  is  formed  during  the  combustion  of  carbohy¬ 
drate,  fat  and  protein  inside  of  cells  (la-d).  It  has  already  been  pointed 
out  that  in  health  the  body  water  makes  up  some  45  to  75  per  cent  of  the 
body  mass.  This  range  of  values  has  been  obtained  by  one  or  another  of  a 
group  of  technics.  Thus  desiccation  of  animal  and  of  human  tissues,  the 
\  olume  of  distribution  of  index  substances  such  as  thiourea,  antipyrine, 
or  heavy  water,  and  the  specific  gravity  of  the  body  as  a  whole  have  all 
been  used,  but  this  list  by  no  means  exhausts  the  procedures  employed  for 
this  purpose  (2a-i).  Unfortunately  at  the  present  time  all  of  them  are  too 
cumbersome  for  routine  clinical  use  but  under  selected  circumstances  they 
permit  estimates  of  the  probable  volume  of  water  in  the  body. 

At  first  sight  this  extensive  range  of  normal  for  the  percentage  of  body 
water  would  suggest  that  this  component  of  the  body  can  vary  markedly 
even  in  health.  Recollection  of  the  fact  that  our  day  to  day  body  weight 
remains  quite  constant,  so  clearly  illustrated  in  figure  1-14,  should  effec¬ 
tively  and  promptly  dispose  of  this  possibility.  Actually  the  range  of  normal 
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for  total  body  water  as  given  above  encompasses  the  lower  and  upper  limits 
of  values  in  a  group  of  healthy  people.  In  any  particular  healthy,  non¬ 
growing  subject,  however,  the  percentage  of  body  water  varies  but  little. 
This  holds  true  even  in  the  face  of  wide  fluctuations  in  the  intake  of  fluids. 
The  different  percentages  of  body  water  in  different  individuals  are  largely 
and  perhaps  entirely  related  to  the  amounts  of  fat  present  in  each  of  their 
bodies  (2j-l).  A  graphic  presentation  of  this  fact  makes  up  figure  3-10. 
This  view  is  quite  acceptable  since  the  relative  immiscibility  of  water  and 
of  lipids  is  well  recognized.  Actually,  in  terms  of  total  volume  of  water  the 
fat  and  the  lean  individual  have  the  same  amount  provided  their  bodies 
are  comparable  in  size  in  every  other  respect  save  the  amount  of  lipid. 


B.  Extracellular  and  Cellular  Water:  Concentrations  and  Volumes 

It  will  be  recalled  that  the  chief  body  compartments  consist  of :  a)  the 
plasma,  b)  the  interstitial  spaces  which  in  combination  with  plasma  are 
referred  to  as  the  extracellular  fluid,  and  c)  the  fluid  within  the  cells.  This 
was  illustrated  in  figures  1-1,  1-11  and  3-9.  One  milliliter  of  serum  or  plasma 
contains  in  health  between  0.925  and  0.940  gram  of  water.  Interstitial  fluid 
is  approximately  99  per  cent  water  while  in  cells,  taking  the  erythrocyte 
as  an  example,  the  percentage  of  water  ranges  from  67  to  80  (3a-c). 

As  in  the  case  of  the  total  water  of  the  body,  the  volumes  of  the  various 
body  fluid  compartments  or  subdivisions  have  been  estimated  by  a  variety 
of  means.  In  the  case  of  plasma  the  volume  has  been  approximated  by 
tagging  the  subject’s  own  plasma  proteins  with  a  known  amount  of  dye, 
by  adding  a  small  though  known  amount  of  radioactively  labelled  protein 
to  the  patient’s  own  plasma  stores,  by  using  carbon  monoxide  to  measure 
the  total  volume  of  red  blood  cells  in  the  circulation  or  by  administering  a 
known  volume  of  cells  tagged  with  radioactive  phosphorus  or  non  M. 
In  general  these  studies  indicate  that  the  plasma  volume  is  equal  to  some 
live  oer  cent  of  the  body  weight  in  health.  Changes  in  the  volume  of  plasn  a 
can  be  approximated  by  serial  measurements  of  the  hematocrit  and  hemo- 

g,0Tthas4beekn  pointed  out  that  attempts  to  measure  the  volume  of  the  extra- 
It  has  been  pom  ,|||ne  of  thc  piasma  and  of  the  inter¬ 
cellular  fluid  as  a  whe  ,  ■  variety  of  test  substances.  In 

stitial  fluid  have  involved  he  use  of  a  d  amount  ot 

each  new  trial  it  was  hoped  that  when  a >  acuna  Jy  ()istribute 

the  material  was  admmistciei  i  \um  spaces  without  attachment 

itself  in  the  water  of  plasma  and  the  mterstitial  spaces^  ^  ^ 

to  tissues  or  other  solutes,  wi  on  p  d  aliquot  of  the  test  sub- 
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has  become  clear  that  substances  such  as  thiocyanate,  sulfonamides,  radio¬ 
active  chloride  and  radioactive  sodium  give  excessively  high  values  for 
extracellular  volume,  i.e.,  25  to  30  per  cent  of  the  body  weight,  and  that 
the  lowest  values,  about  15  per  cent  of  the  body  weight,  are  obtained  when 
the  volume  of  distribution  of  inulin  or  sucrose  is  used  as  the  index.  In  be¬ 
tween  these  two  extremes  fall  the  results  obtainable  with  sugars  such  as 
sucrose  and  mannitol,  with  bromide,  and  with  sulfate  or  thiosulfate  (5a-k). 
In  some  laboratories  the  balance  of  and  the  changes  in  the  serum  levels  of 
chloride  are  used  as  an  index  of  increases  or  decreases  in  extracellular  fluid 
(51).  This  method  does  not  however  measure  the  total  amount  of  extra¬ 
cellular  water.  The  role  of  connective  tissue  as  a  participant  in  the  extra¬ 
cellular  distribution  of  chloride  has  already  been  discussed  in  chapter  3. 

In  brief  therefore  it  can  be  stated  that  at  this  time  no  general  agreement 
is  present  as  to  what  proportion  of  the  true  extracellular  volume  is  being 
measured  by  any  one  of  these  procedures.  There  is  a  general  concession 
however  that  none  of  them  falls  into  the  category  of  a  simple  and  readily 
available  index  of  extracellular  volume,  even  when  one  is  willing  to  accept 
whatever  errors  may  be  inherent  in  the  technic.  For  clinical  purposes  we 
agree,  as  a  working  hypothesis  or  approximation,  that  in  health  the  extra¬ 
cellular  fluid  makes  up  some  15  to  20  per  cent  of  the  body  weight  of  the 
average  nonobese  adult.  In  the  infant  this  value  will  be  about  five  per  cent 
greater  (5m).  It  naturally  follows  that  if  body  water  is  45  to  75  per  cent  by 
weight  and  15  to  20  per  cent  of  this  is  extracellular,  then  the  total  volume 
of  cell  water  is  roughly  two  or  two  and  a  half  times  that  in  the  extracellular 
space.  There  is  no  ready  way  of  measuring  the  cell  water  directly,  though 
the  volume  of  distribution  of  tagged  potassium,  which  is  chiefly  located 
within  cells,  does  approximate  such  an  index  (6a,  b). 


II.  Electrolytes 

The  electrolytes  in  the  body  fluids  which  bear  positive  charges  (Na+, 
K+,  Ca++,  Mg++,  H+,  NH4+)  are  cations.  The  firstfourof  these  are  also  called' 
especially  in  the  older  reports,  the  fixed  base  of  the  body.  This  distinction 
is  founded  on  the  presumption  that  these  particular  elements  cannot  be 
manufactured  or  destroyed  in  the  body,  in  contrast  to  the  hydrogen  and 

"ega,iVe  Cl>arge<1  electrolytes.  ™ions,  or  acids, 
4  f  ’  HC0>>  >  protein,  phosphates  and  an  unmeasured  fraction  of 

cludc']C inn?h°^e'', Tv'<JS  referred  t0  “  Thou«h  sulfates  are  usually  i„- 
luded  in  this  list  they  are  not  routinely  measured  and  the  extent  and 

.  gmficance  of  their  variations  in  health  and  in  disease  have  not  been  de 

Lall  of  the  fluids  c HI  77 7 PreSent  grea4er  or  lesser  concentration 

sented  Thus  I  "f  ‘C  b°dy'  Actually  111  some  tissues  not  all  are  repre- 
■  ed.  i  hus  calcium  appears  to  be  excluded  from  erythrocytes  ? 

n  general,  clinical  measurements  are  confined  to  samples  of  blood,  serum 
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or  plasma.  There  is  no  direct  access  to  either  the  electrolytes  of  the  inter¬ 
stitial  space  or  of  the  cells,  though,  as  has  been  indicated,  indirect  estimates 
of  cellular  contents  with  radioactive  isotopes  are  possible  in  the  living  or¬ 
ganism  and  in  analyses  of  tissues. 


A .  Reasons  for  Analyzing  Serum  or  Plasma  Electrolytes  Rather  than  Whole 
Blood 

Analyses  of  serum  or  of  plasma  for  electrolyte  content  are  to  be  preferred 
to  those  of  whole  blood  since  the  composition  of  electrolytes  inside  of  blood 
cells  is  quite  different  from  that  in  plasma.  Hence  alterations  in  the  number 
or  the  size  of  the  erythrocytes  will  obviously  influence  the  analytic  results 
and  either  mask  or  accentuate  significant  changes  present  in  the  plasma. 
This  criticism  is  generally  taken  not  to  apply  to  solutes  such  as  glucose, 
urea,  and  nonprotein  nitrogen  which  are  thought  to  be  uniformly  distributed 
and  in  the  same  concentrations  in  the  water  of  plasma  and  of  cells.  A  mo¬ 
ment’s  reflection  will  indicate  that  this  assumption  is  not  valid  because 
the  water  content  of  these  two  phases  is  quite  different.  The  practice  is 
universally  continued  however  because  in  these  latter  instances  the  final 
differences  are  relatively  small. 

All  specimens  of  blood  should  be  drawn  into  a  dry  oiled  syringe  and  in¬ 
troduced  under  oil  into  a  centrifuge  tube.  The  serum  or  plasma  should  then 
be  separated  promptly  from  the  cells.  This  obviates  hemolysis,  prevents 
the  escape  or  access  of  gasses,  and  minimizes  transfers  between  cells  a 

plasma. 

B.  M illiequivalents,  MiUimols  and  Milligrams  as  Units  of  Solute  Measure- 

771  G71/tr 

The  particular  unit  in  which  an  analytic  result  is  expressed  *  .q“* ^ 
nortant  in  evaluating  the  anion-cation  pattern  of  serum.  Tor  this  purpose 

ence,  or  combining  power.  Tius  is  neces^ry  s^^  ^  ^  wcight 

unit  such  as  "  e  ^ t 

The  miilierpiivalent  is  ^  ^ 

or  combine  with  it,  ,s  an  egmvalent  of  TO ^  can  be  con- 
this  amount  is  a  milheqmmlcn.  multiplying  by  10  to  express  the  ong- 

™.  s . . . .  *  *i*  “  *nd 
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multiplying  by  the  valence.  However,  there  is  no  reason  why  the  standard 
solutions  employed  in  the  analytic  technic,  and  hence  the  results,  should 
not  be  set  up  directly  in  milliequivalents.  This  is  now  extensively  though  not 
universally  practiced  with  regard  to  Na+,  Iv+,  Cl-  and  IIC03~.  These  are 
the  electrolytes  whose  concentrations  must  be  known  for  the  evaluation 
of  the  anion-cation,  or  acid-base,  pattern  of  the  body  fluids.  The  last  of  these 
however  is  still  often  determined  first  as  the  total  CO2  content  of  serum 
in  terms  of  volumes  per  cent.  The  conversion  from  volumes  per  cent  of  CO 2 
to  bicarbonate  is  readily  made  by  multiplying  by  0.423.  This  figure  takes 
into  account  the  C02  and  II2C03  in  solution  but  assumes  a  normal 
pH. 

In  common  practice  the  other  electrolytes  of  serum,  i.e.,  calcium,  phos¬ 
phorus,  and  protein  are  usually  still  expressed  in  gravimetric  terms.  There 
are  justifiable  reasons  for  this.  First,  in  terms  of  milliequivalents,  they  con¬ 
tribute  but  little  to  the  bulk  of  the  anion-cation  balance;  moreover,  the 
conversion  of  these  particular  components  of  serum  or  plasma  to  milliequiva¬ 
lents  is  complicated  by  the  fact  that  the  amount  of  calcium  bound  to  pro¬ 
tein  can  vary,  that  serum  inorganic  phosphorus  can  exist  in  a  variety  of 
ionic  forms  (II2PO4-,  HPO.j=,  and  PO-r),  and  that  the  ionization  of  serum 
proteins  as  anions  is  influenced  by  the  pH  of  the  solution  and  probably  by 
the  concentration  and  the  composition  of  the  serum  proteins  themselves. 

The  term  millimol  is  ofttimes  used  in  place  of  milliequivalent.  This  unit 
does  not  take  into  account  the  combining  power  of  the  ion.  In  the  case  of 
univalent  ions  the  milliequivalent  and  millimol  values  are  the  same;  with 
bivalent  ions  however  the  millimol  concentration  will  be  only  one-half  of 
the  milliequivalent  value. 


III.  Electrolyte  Concentrations  in  Health 

It  is  highly  desirable  to  have  suitable  standards  of  reference  available 
as  an  aid  to  deciding  whether  a  value  in  a  particular  patient  is  abnormal. 
Obviously  with  gross  deviations  such  values  are  in  a  sense  superfluous 
However  in  all  other  instances  control  data  obtained  in  one’s  own  laboratorv 
or  m  other  laboratories  with  comparable  analytic  technics  are  indispensable, 
articular  care  must  be  taken  to  ascertain  that  the  age  and  sex  of  the  con- 
ro  s  arc  comparable  and  that  the  specimens  are  obtained  under  conditions 
v  ich  are  uniform.  For  this  latter  purpose  blood  is  usually  withdrawn  fob 

p'T"T  fast’  and  preferably  while  the  subject  or  the  patient  is 

hlamnle  nn  W  'i  “".T**  take"  *°  aVoid  venm's  stasis  drawing 
he  sample  under  oil,  and  in  separating  the  serum  from  the  cells  within  a 

reasonably  prompt  period  of  time. 

These  principles  have  been  followed  in  obtaining  the  control  data  which 
follow.  It  ,s  to  be  noted  that  the  concentration  of  certain  elec^.yt  Varies 
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with  age  ana  sex  anu  — 

by  a  constancy  of  the  serum  electro  y  c®-  newborn  infants,  in  grow- 

Figure  4-1  presents  the  serum  sodium  tlv  healthy  old  men 

ing  children,  in  healthy  young  a<  u  s> 1  ment  y.'irst  it  is  evident 
and  women.  Several  points  eservmg  of  ^ccmunen. ^  noi  identical  in- 

rLt  in  health  irrespective  of  age. 
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Fig.  4-2.  Average  Serum  Potassium  Values  in  Health 

The  mean  value  and  the  standard  deviation  for  each  of  the  age  groups  shown  in 

the  above  figure  were:  5.9  ±  1.4  mEq.  per  1.  in  infants;  4.3  ±  0.4  in  children;  4.4  ± 

1-  ,1pn,yr)OUtng  ad^lUs;  and  4  6  ±  0  4  in  old  mei1  and  women.  (Danowski  et  al.,  unpub¬ 
lished  data  on  flame  photometry.)  P 


The  control  serum  potassium  values  in  figure  4-2  indicate  that  the  new- 
orn  infant  may  have  distinctly  high  concentrations.  Beyond  infancy  the 

Wth  “  UPPer  Hmit  °f  5'6  a"d  a  *  3.2  milliequiv- 

The  calcium  values  in  figure  4-3  indicate  that  this  element  is  present  in 
I  nte  comparable  concentrations  from  birth  on  with  a  rise  in  old  age 
He  have  no  values  for  the  serum  magnesium  in  health  Tl,  " 
ported  from  other  laboratories  is  1  3  to  ‘>  -  m  n  ,  range  re" 
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Insofar  as  the  anions  are  concerned 

bicarbonate  and  chloride  values  «  in  at  least  the 

groups  and  that  in  addition  «  ^  shown  in  figures  4-4  and  4-5  and 

healthy  young  adults,  rhese  B  b)  In  children  the  mean  serum 

are  in  keeping  with  the  data  o  '  ’  ]iter  anj  the  chloride  is  103.3, 

bicarbonate  value  is  23.1  mi  ’^V1  though  the  observations  are  limited, 
and  no  sex  difference  appears  evident,  ,  8^  ,g  hi(!hcr  in  the  males  than 

::  s^rerwhiir^  h°"is with  respect  to  ch,° 
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AGE 

Fig.  4-4.  Average  Values  for  Total  Serum  C02  Content  Expressed 

as  Bicarbonate 

In  healthy  children  the  mean  value  is:  23.1  ±  1.3  mEq.  per  1.  Healthy  young  men 
and  young  women  showed  differences  which  were  statistically  significant:  25.6  ± 
1.3  and  24.0  ±  1.6,  respectively.  In  aged  patients  the  mean  and  standard  devi¬ 
ation  were  25.0  ±  2.0.  (Danowski  et  al.,  unpublished  data.) 


Our  data  are  as  yet  insufficient  to  determine  whether  this  sex  difference  is 
or  is  not  still  present  in  old  age.  The  newborn  infant  on  the  other  hand 
usually  has  a  very  low  bicarbonate  and  a  high  chloride  when  contrasted 
with  any  of  the  other  three  groups.  Our  own  figures  on  this  point  are  scanty 
but  are  in  line  with  those  from  other  laboratories  (9a-e). 

Serum  inorganic  phosphorus  values  vary  with  age  in  contrast  to  the  rel- 
ve  stability  of  the  serum  calcium  concentrations  in  healthy  subjects 
They  are  highest  shortly  following  birth  and  then  gradually  decline  through 
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Cl  MEQ/L 


Fig.  4-5.  Serum  Chloride  Concentrations:  Average  Values  in  Health 
Values  arc  highest  in  newbornmfantl J  or 

t^JtTluZLt  !ial,  unpubHshe'ddata  based  on  the  Volhard  titration., 


childhood  and  adulthood  reaching  their  lowest  levels  in  extreme  old  age 
^Newborn  infants  have  alhnmin  and 

S 2  tl“np°^in  levels  are  also  lower  (fig.  4-0).  These  differ- 
ences  have  also  been  reported  by  others  (10a-d). 
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Fig.  4-6.  Serum  Inorganic  Phosphorus  in  Health 
The  mean  concentrations  fall  progressively  with  age.  Thus  in  newborn  infants: 
6.88  ±  1.57  mg.  per  cent;  in  children  up  to  12.5  years  of  age:  4.76  ±  0.41;  in  children 
12.5  to  18.0  years  of  age:  4.34  ±  0.69;  in  young  adults:  3.96  ±  0.46;  and  in  old  people: 
3.4<  ±  0.56.  (Danowski  et  al.,  unpublished  data  based  on  an  adaptation  of  the  Fiske- 
bubbarow  procedure  to  the  photoelectric  colorimeter.) 


IY.  Constancy  of  the  Fasting  Values  of  Serum  Electrolytes 

Measurements  of  various  serum  components  on  different  days  in 
healthy  children  in  the  same  state  with  respect  to  fasting,  activity,  etc 
reveal  variations  in  excess  of  the  analytic  limitations  of  the  method  This 
is  clearly  shown  in  the  diagram  based  on  studies  in  healthy  children  which 
makes  up  figure  4-10.  Similar  fluctuations  are  seen  in  two  healthy  adulte 
figure  4-11,  together  with  the  sex  difference  in  CO.  and  chloride  It  is  im- 
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Albumin  gm% 


Fig.  4-7.  Serum  Albumin  Concentration 
The  lowest  values  were  present  in  newborn  infants :  3.08± 

(Danowski  e^  aL^ii^poblishi^data1  based  on  sulfate  station  method  of  Majoor 
and  macro  Kjeldahl  nitrogen  (3a).) 


differences" if  ^therapeutic  or 

vary  during  the fastmg ^stete  e  ^  following  awakemng,  and 

same  morning,  lhus,  witn  tn  ]  g  d  to  increase  while 

despite  continued  bed  rest,  „  figure  4-12.  Hence  the 

the  phosphorus  and  potassium  fall.  I  his  is  suom  g 


WATER  AND  ELECTROLYTES  IN  HEALTH 


127 


Fig.  4-8.  Serum  Globulin  Concentration 
The  lowest  values  again  were  present  in  newborn  infants:  2.33  ±  0.41  grams  per 
cent;  in  children:  3.00  ±  0.55;  in  young  adults:  2.83  ±  0.27;  and  in  older  adults:  3.34 
±  0.64.  (Danowski  el  al.,  unpublished  observations  based  on  method  of  Majoor  (3a).) 


stability  of  the  serum  constituents  is  relative  and  not  absolute.  In  other 

words  the  oscillations  of  a  steady  state,  as  described  in  chapter  I  are  again 
evident. 

From  the  data  given  above  we  can  construct  the  following  composite 
graphs  or  Gamble  diagrams  of  the  anions  and  cations  in  the  sera  of  these 
four  groups  of  healthy  subjects  (fig.  4-13). 

To  obtain  values  in  interstitial  fluid  we  must  apply  corrections  for  the 
lower  colloid  and  greater  water  content  in  the  nonplasma  portion  of  the 
extracellular  fluid.  1  his  necessitates  separate  sets  of  corrections  for  the 
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Total  Protein  gm% 


Fig.  4-9.  Total  Serum  Proteins 

,  .  .  .  R  m  ,  am  „rams  per  cent;  children  7.27  =fc  0.57 ;  young  and  old 

(Danowski  .  unpub.Uhed  .b- 

servations  based  on  method  of  Major  (3a).) 


anions  and  cations  because  of  the  Donnan  effect  of  the  serum  protems 
Formulae  A  and  B  provide  illustrative  examples. 


Cl  of  Serum  =  cr  of  interstitial  fluid  (A) 
0.95  X  H20  of  Serum 


Na+  of  Serum  X  0-95  _  Na+  interstitial  fluid  (B) 

H20  of  Serum 

,,  rrn 1 1 ip  nf  oaeh  of  the  components  principally 

because ^he  remo  vaLrftl le  protein  from  the  serum  or  p.asma  makes  room 


+ 


Fig.  4-10.  Day  to  Day  Fluctuations  in  the  Serum  Electrolytes  of 

Healthy  Children 

The  points  on  each  line  represent  variations  from  an  initial  value  in  the  same 
individual  as  measured  on  different,  not  successive  days.  However  the  position  of 
the  point  on  the  line  does  not  indicate  the  sequence  of  the  samples’  The  samples  of 

ys obtained  under  the  samc  c°"di,i°"s:  <*«<£■> ™  id 

state  and  are  awributabie  to 

en/gV-ere  ~ 

and  Na,  1.3  mEq.  per  liter  in  K  i  *  ,  HC°3  >  8  mL(l-  Per  liter  in  Cl 

(Danowski  et  al.,  unpublished  data.)  S'  ^  Sm,m  lnor&anic  phosphorus. 
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H.G.  - 


MALE 
29  YRS. 


ML. 

FEMALE 
26  YRS. 


Fig.  4-11.  Serial  Measurements  of  Serum  Electrolytes  in  Healthy 

Adults 

The  day  to  day  oscillations  in  the 

iatory  healthy  adults  are  m  di|erences  i„  serum  chloride  and 

bicarbon ate° are  clearly  shown :  in  the  male  the  chloride  was flower  and  the  bicarbonate 
higher  than  in  the  female.  (Danowski  et  al,  unpublished  da  .) 


for  a  larger  amount  of  ILO  and  of  solutes  in  a  given  aliquot  of  this  solution. 

. 

calculation  of  the  probable  ce  con  ium  and  less  sodium  in 

l^e  :  P,asma  «■«?  and  that  in  the  case  of 

the'blood  cells  calcium  appears  to  be  entirely  excluded. 
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Fig.  4-12.  The  Relative  Constancy  of  Electrolytes  in  Fasting  Children  at 

Bed  Rest 

intenaUgCUrVe  deP‘CtS  3UCCeS8ive  fluctuati°ns  in  one  subject  during  the  indicated  time 

J*  ‘3.re adi'y  evident  that  the  serum  values  fluctuate  under  these  conditions  as  they 

etc"  „°t^  term;Tir„In  addition  °"e  «*•"•—*«**  a  cumulative 

tect  in  that  ultimately  a  statistically  significant  decrease  in  serum  potassium  and 

"ZZ&SZStSr*-  Th°Se  POi"tS  Sre  (Danowshl 
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A 


B 


D 


Fig.  4-13.  Mean  Values  for  the  Chief  Anions  and  Cations  in  the 
Sera  of  Groups  of  Healthy  Subjects 
The  similarities  and  the  differences  among  the  average  values  for  the  serum  so- 
dium  potassium,  bicarbonate,  and  chloride  are  shown  for  groups  of  newborn  infants 
(\)  healthy  children  (B),  healthy  young  adults  without  regard  to  sex  (  ), 
apparently  healthy  inmates  of  two  homes  for  the  aged  (D) .  (Based  on  data  in  l,g.  4-  . 

4-2,  4-4,  4-5.) 


Comparable  calculations  based  on  analyses  of  fat-free  tissue Pe™* 
timates  concerning  the  electrolyte  content  of  muscle  cel  s  aa  shown  m  figure 
3-1.  As  has  been  pointed  out  in  chapter  3,  analyses  of  various  tissues 
dicate  that  cellular  composition  is  by  no  means  uni  oim. 


V.  The  Osmotic  Pressure  of  Body  Fluids 

The  osmotic  pressure  of  any  s° ^hefter  ioS^r  uXrilech 

355 

the  cell  membranes  and  thereby  give  "  particular  domain  of 

It  is  pertinent  in  this  regard  that  the^lls^Jhe  ^  ^ 

potassium  as  is  the ,ex^ce11^  h”  0dy  constituents  inevitably  alter  the 
2S  tz:  “^rcon^rtment  involved,  assuming  that 
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Dark  columns  refer  to  concentrations  in  serum;  light  columns  depict  interstitial 
fluid. 

The  mean  serum  values  for  the  various  age  groups  shown  in  fig.  4-13  have  been 
converted  into  concentrations  present  in  interstitial  fluid,  using  a  value  of  0.930  gram 
per  liter  for  serum  water  and  a  Donnan  factor  in  accordance  with  the  formulae  pre¬ 
sented  in  the  text.  (Based  on  data  in  fig.  4-13.) 


the  osmotic  activity  of  cell  solutes  remains  constant.  This  in  turn  induces 
transfers  of  water  across  the  cell  membrane  from  the  solution  of  lower  os¬ 
motic  pressure  to  that  which  is  greater. 


Serum  Constituents  as  an  Index  to  the  General  State  of  the 

Body  Fluids 

It  has  been  pointed  out  that  clinicians  and  experimentalists  have  a  direct 
approach  only  to  the  plasma  and  serum  electrolytes.  However  certain  gen¬ 
eral  properties  of  body  fluids  permit  estimates  of  the  probable  concentra¬ 
tions  and  the  osmotic  activity  of  solutes  in  the  other  compartments. 

I  he  first  of  these  is  the  universal  permeability  of  water,  i.e.,  water  will 
enter  or  leave  any  of  the  body  fluid  compartments  in  response  to  osmotic 
pressure  changes  until  the  osmotic  pressures  on  the  two  sides  of  the  sen 
a  rating  membrane  are  the  same.  It  naturally  follows  that  the  finding  of  a 
low  osmotic  pressure  or  hypotonicity  in  plasma  inevitably  means  that  it  is 
also  low  within  interstitial  fluid  and  within  cells.  Similarly  hypertonicitv 
piesent  in  serum  or  plasma  reflects  a  universal  rise  in  osmotic  pressure  ‘ 
ie  second  of  these  is  the  tendency  for  body  water  and  solutes  to  remain 
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^Thu’fi.ure  illustrates  why  it  is  important  to  measure  electrolytes  in  serum  or 
l  tlipr  than  in  whole  blood  It  is  obvious  that  with  the  high  hematocrit  whole 

be  unduly  high  while  sodium  would  below.  (Danow- 

ski  et  al.,  unpublished  studies.) 


constant  in  health  despite  wide  variations  in  intake.  These  homeostatic 
mechanisms  appear  to  he  attuned  to  the 

the  expense  of  volume  in  the  early  phase  of  the  development  of  an  excess 
l  fipit  In  the  later  phases  concentrations  are  sacrificed  for  the  sake  o 

determination  of  the  se  f  the  fa;,.|y  extensive  range  of  normal 

iologic  information  in  its  of  normal  could  be  considered  a 

values.  Thus,  a  \  aluc  1  .  u vq;ffnificant  lowering  of  the  con- 

“low  normal”  or  could  represent  a  climca  v .  g  other  information, 

centration.  It  must  therefore  be  -  the  absence  of 

The  term  “interpretation  '  f3  mwXnlralim  give  no  direct 

measurements  of  volume,  deter  question.  For  this  reason 

knowledge  of  the  total  amount  of  the  solute  in  1 
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concentrations  of  electrolytes  as  determined  in  serum  have  to  be  interpreted  in 
light  of  the  clinical  history  and  physical  findings  in  the  patient,  the  pathological 
physiology  of  the  disease,  if  the  latter  is  known,  and  the  immediate  prior  fluid 
balance  or  fluid  therapy  of  the  patient  (11). 


Summary:  The  water  of  the  body  is  derived  largely  from  the  dietary  in¬ 
take  and,  to  a  lesser  degree,  from  the  combustion  of  foodstuffs.  The  pro¬ 
portion  of  body  weight  present  as  water  varies  from  45  to  75  per  cent,  de¬ 
pending  upon  the  amount  of  body  fat.  The  ratio  between  cell  water  and 
extracellular  water  is  approximately  2  to  1.  Since  the  osmotic  pressure  is 
equal  inside  and  outside  of  cells,  analyses  of  serum  for  water  and  electrolytes 
such  as  sodium,  potassium,  chloride,  etc.  will  often  reflect  alterations  in 
the  water  or  electrolytes  of  the  body.  The  concentrations  encountered  in 
health  under  fasting  conditions  provide  standards  of  reference  for  the  de¬ 
tection  of  changes  in  disease  states.  Concentrations  by  themselves  however 
do  not  tell  us  about  the  total  amounts  of  any  particular  constituent. 


1.  (a) 

(b) 

(c) 

(d) 

2.  (a) 

(b) 

(c) 

(d) 

(e) 

(0 

(g) 

(h) 

(i) 

(j) 
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Chapter  5 


MECHANISMS  WHICH  GUARD  THE  VOLUME 
AND  COMPOSITION  OF  THE  BODY  FLUIDS 

IN  HEALTH 


An  adequate  intake  of  water  and  of  electrolytes  is  essential  for  the  main¬ 
tenance  of  body  fluids  within  normal  limits.  It  would  appear  that  in  health 
an  intake  of  water  and  solutes  is  provided  which  is  in  excess  of  the  body’s 
actual  needs  and  that  metabolic  and  regulatory  mechanisms  then  determine 
retention  and  excretion. 


I.  Factors  Regulating  Body  Water  Volume 

A.  Losses  of  Water  Via  Lungs,  Skin  and  in  Stools  ( table  5-1) 

Under  ordinary  conditions  the  adult  each  day  loses  some  800  to  1200  cc. 
of  water  via  the  skin  and  lungs  (la-e).  This  is  commonly  referred  to  as  the 
insensible  loss,  since  it  involves  the  conversion  of  water  directly  into  the 
gaseous  phase.  The  energy  for  this  process  is  derived  from  the  heat  of  the 
body  and  conversely  this  process  effectively  disposes  of  some  25  per  cent 
of  the  body’s  daily  output  of  heat.  This  is  therefore  an  obligatory  and  in¬ 
escapable  loss  of  body  water,  even  though  its  magnitude  may  alter,  as  we 
shall  subsequently  see,  with  certain  physiologic  and  disease  states.  Ordin¬ 
arily  such  insensible  losses  of  water  from  the  body  are  thought  to  occur 
without  concomitant  output  of  electrolytes.  Studies  of  skin  surface  washings 
however  indicate  that  electrolytes  and  nitrogen  may  leave  the  body  via 
this  route  without  detectable  sweating.  This  is  surely  in  part  at  least  a  man¬ 
ifestation  of  desquamation,  but  the  possibility  that  it  is  related  to  insensible 
water  loss  cannot  be  excluded.  Sweat  itself  of  course  does  contain  definite 
amounts  of  electrolytes  and  nitrogen  and  hence  in  its  presence  not  only  is 
he  loss  of  body  water  through  the  skin  increased,  often  several  fold  but 
his  increase  is  also  accompanied  by  electrolyte  and  nitrogen  losses  (2a-f). 
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Table  5-1.  Normal  Routes  of  Intake  and  Output  of  Water:  Approx¬ 
imate  Volumes  in  Healthy  Adults 


NORMAL  ROUTES  OF  INTAKE  AND  OUTPUT  OF  WATER:  APPROXIMATE 
VOLUMES  IN  HEALTHY  ADULTS 


Water  drunk  1200  ml. 
Water  in  food  1000  ml. 
Water  of  oxidation  300  ml. 

2500  ml. 


Urine  1500  ml. 
Stool  100  ml. 
Insensible  water  900  ml. 

2500  ml. 


The  only  other  nonrenal  loss  of  body  water  which  occurs  in  health  is  the 
small  amount  present  in  formed  stools. 


B.  Urinary  Output  of  Water 

The  daily  urinary  output  of  water  then  strikes  a  balance  between  the 
extrarenal  water  losses  and  the  daily  supply  of  water  from  food  and  fluids 
as  well  as  from  that  derived  by  combustion  of  foodstuffs.  In  other  words 
the  volume  of  urine  is  dependent  upon  the  water  and  solute  loads  which 
remain  following  any  extrarenal  output  which  may  be  occurring,  lhe  mag¬ 
nitude  of  the  output  is  determined  by  receptors  and  effectors  which  main¬ 
tain  constancy  of  the  composition  of  body  fluids.  These  include  the  hypo¬ 
thalamus  and  posterior  pituitary  with  regard  to  water  and  the  adrenal 
cortex,  anterior  pituitary,  and  perhaps  the  brain  itself,  with  regard  to  some 
of  the  chief  electrolytes.  As  we  shall  see,  in  later  chapters,  there  is  some 
overlap  in  that  there  is  evidence  for  and  against  a  posterior  pituitary  effect 
upon  chloride  and  sodium  excretion,  and  considerable  data  to  support  the 
concept  that  the  adrenal  cortex  also  influences  water  transfers. 

C.  Antidiuretic  and  Other  Hormonal  Substances  as  Regulators  of  Urine 


Volume 

Evidence  is  available  indicating  that  there  are  areas  or  cells  in  the  hypo¬ 
thalamus  which  are  sensitive  to  the  concentration  of  “  “ 

water  in  the  body.  These  are  called  osmoreceptors  ^ 

detected  by  Verney  in  experiments  winch  proved It  hem  esprnun ° 
changes  in  the  osmotic  pressure  of  the  perfusing  fluids  3a,  b).  Sllh^  ^ 
—  ave  shown  that  there  are  other  receptors  which  are  sensitive  to 

changes  in  the  volume  of  body  fluid  even  though  Je  — " 
individual  solutes  are  maintained  i juttoerart.  J  in  terms  0f 

Xr^^nttltecep^.  Clinical  and  experimental  evi- 
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Fig.  5-1.  Proposed  Amino-Acid  Linkages  in  Antidiuretic  Substance 
Isolated  from  Posterior  Pituitary  by  duVigneaud  and  His 

Group  (4b) 


dence  indicates  that  the  osmoreceptors,  their  neural  pathways,  and  the 
posterior  pituitary  are  involved  in  the  elaboration  of  an  antidiuretic  sub¬ 
stance  or  substances.  Structural  formulae  (fig.  5-1)  consisting  of  linked 
amino  acids  based  on  analyses  of  beef  and  hog  pituitary  have  been  proposed 
by  duVigneaud  as  representative  of  this  agent  or  agents  (4a,  b). 

These  antidiuretic  substances  or  hormones,  often  referred  to  as  ADS  or 
ADH,  reach  the  renal  tubules  via  the  circulation  and  increase  the  reab¬ 


sorption  and  hence  diminish  the  excretion  of  water  via  the  kidneys.  The 
kidney  tubules  themselves  possess  the  inherent  capacity  to  reabsorb  about 
80  to  90  per  cent  of  the  daily  volume  of  glomerular  filtrate  which  amounts 
to  some  180  liters  (5).  This  statement  is  permissable  in  view  of  the  fact 
that  complete  interruption  of  the  mechanisms  whereby  antidiuretic  sub¬ 
stances  reach  the  kidney  tubules  does  not  raise  the  daily  urine  volumes 
above  eight  or  ten  liters  (6).  ADH  acts  upon  the  remaining  10  to  15  per 
cent  of  the  glomerular  filtrate  reducing  its  volume  to  one  per  cent  or  less 
7  enhancinS  reabsorption.  Fluctuations  in  the  output  of  ADH  in  response 
to  water  loads  effectively  maintain  body  water  within  relatively  fixed  limits 
Th.s  can  be  readily  illustrated  by  describing  the  sequence  of  events  which 

toesbv  „\nda-Tmally  hyClrated  hea'thy  SUbject  With  ^act  electrolyte 
stores  by.  a)  dnnkmg  pure  water  (7a),  b)  infusing  a  solution  which  resem- 
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bles  extracellular  fluid  in  composition  (3c),  or  c)  markedly  restricting  water 
intake  (7b,  c). 

The  absorption  of  several  hundred  cubic  centimeters  of  ingested  water 
at  a  time  when  body  stores  are  intact  will  dilute  body  fluids.  Such  a  de¬ 
crease  in  osmotic  pressure  or  tonicity  of  the  body  fluids  will  be  registered  in 
the  osmoreceptors  and  less  ADH  is  elaborated  and  the  excess  water  as  a 
consequence  is  eliminated  via  diuresis.  A  similar  sequence  of  events  will  fol¬ 
low  the  administration  of  the  artificial  extracellular  fluid,  suggesting  that 
there  are  receptors  which  also  detect  changes  in  the  volume  of  the  body 
fluids.  On  the  other  hand  with  water  restriction  the  concentration  of  the 
body  solutes  rises  and  the  volume  of  body  water  diminishes  as  a  consequence 
of  continuous  losses  of  water  via  the  lungs,  skin,  bowel,  and  kidney.  An 
increased  supply  of  ADH  then  becomes  available  and  marked  reabsorption 
of  glomerular  filtrate  ensues.  The  volume  of  urine  decreases  and  its  specific 
gravity  becomes  high. 

It  was  earlier  indicated  that  some  controversy  existed  concerning  the 
effects  of  posterior  pituitary  preparations  upon  electrolyte  excretion.  The 
divergent  opinions  arise  from  the  observation  that  in  experimental  sit¬ 
uations  some  preparations  produce  an  increase  in  the  urinary  output  of 
chloride  and  of  sodium  while  others  do  not  (8a,  b).  This  will  be  discussec 

in  detail  in  chapter  19. 


II.  Factors  Regulating  Body  Sodium 

It  might  be  well  at  this  point  to  comment  upon  the  parallelism  that  exists 
between  body  sodium  and  chloride.  Sodium  is  the  predominant  extracellular 
cation  while  chloride  is  the  chief  anion.  Their  concentrations  aie  not  io\\- 
ever  identical  but  rather  approximate  a  ratio  of  3:2.  It  is  true  that  m  a 
series  of  random  urines  obtained  from  healthy  adults  one  can  demonstrate 
a  remarkable  parallelism  in  the  urinary  excretion  of  sodium  and  of  chlori. 
This  is  shown  in  figure  5-2.  Also,  it  is  true  that  procedures  which  deplete 
the  extracellular  electrolyte  produce  in  general  proportionate  changes  m 

disease  states  the  parallelism  does  no  h  IT  \e  shall  enc^  ^  ^ 
peatedly  in  the  disease  processes  and  e^t  .  -  jna(|viaablc  therefore 

is  in  keeping  with  the  experiences  of  ot hem  (9a ^  ^  w  serum  as 
to  accept  knowledge  of  the  amoun  o  ^  ^  determination  may 

be  avIilaldebutThe  limitations  of  chloride  as  a  substitute  should 
always  be  recognized. 
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A.  The  Kidney ,  Adrenal  Cortex ,  and  Other  Tissues  in  Absorption,  Retention , 
and  Excretion  of  Sodium 

Since  the  body  is  incapable  of  producing  sodium,  it  naturally  follows 
that  endogenous  sodium  is  always  derived  from  intake.  The  content  of 
XaCl  in  general  diets  is  variable,  ranging  up  to  10  to  15  grams  each  day 
(9b),  but  in  ordinary  circumstances  even  much  smaller  amounts  prove  ade¬ 
quate.  The  ingested  sodium  is  completely  or  almost  completely  absorbed, 
since  formed  stools  contain  but  little  of  this  element  (lOa-c).  The  assim¬ 
ilated  sodium  enters  the  extracellular  fluid  where  it  can  serve  to  maintain 
or  to  replenish  body  stores  of  this  electrolyte,  but  it  should  be  kept  in  mind 
that  sodium  is  present  to  a  varying  degree  in  cells  and  that  large  and  rela¬ 
tively  labile  stores  of  sodium  exist  in  bone  (11a,  b).  The  relative  constancy 
of  serum  sodium  concentrations  described  in  the  preceding  chapter  points 
to  the  existence  of  homeostatic  mechanisms.  One  of  the  most  important  of 
these  is  the  ability  of  the  body  to  vary  the  renal  output  of  this  ion. 

As  in  the  case  of  water  the  kidneys  possess  an  inherent  capacity  to  re¬ 
absorb  the  bulk  of  the  filtered  sodium  (5).  Steroids  of  the  adrenal  cortex 
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augment  this  ability  and  variations  in  the  amount  of  these  compounds 
reaching  the  renal  tubules  determine  in  great  measure  the  final  reabsorption 
or  excretion  of  this  ion.  The  contribution  of  the  adrenal  cortex  in  this  regard 
and  the  basis  for  the  statement  relevant  to  the  inherent  sodium-reabsorbing 
capacity  of  the  kidney  can  both  be  illustrated  by  referring  to  the  changes 
induced  by  adrenocortical  insufficiency.  In  this  condition,  to  be  discussed 
in  greater  detail  in  chapter  18,  the  reabsorption  of  sodium  is  inadequate. 
If  sodium  is  not  provided  in  sufficient  amounts  to  such  patients,  deficits  of 
this  ion  develop.  The  important  point  to  make  however  is  that  such  deficits 
do  not  develop  in  a  matter  of  hours,  which  would  be  true  if  the  reabsorption 
of  sodium  were  100  per  cent  dependent  on  adrenocortical  steroids. 

The  recent  studies  of  Reichstein  suggest  that  such  reabsorption  may  well 
be  mediated  through  a  particular  steroid  isolated  from  the  amophorous 
fraction  which  has  been  named  aldosterone  or  electrocortin  and  for  which 
he  has  suggested  a  chemical  formula  (fig.  5-3).  Some  of  its  effects  appear 
to  be  similar  to  those  of  other  known  steroids  save  that  they  are  elicited 
with  much  smaller  amounts  of  electrocortin.  This  agent  appears  to  be  for 
example  some  25  to  50  times  as  active  as  desoxycorticosterone,  a  mineralo- 
steroid,  in  facilitating  sodium  reabsorption;  desoxycorticosterone  is  in  turn 
some  30  to  50  fold  as  effective  as  Compound  E  or  cortisone  in  this  regaul 

Some  simple  and  interesting  animal  experiments  clearly  illustrate  the 
participation  of  the  adrenal  cortex  in  sodium  reabsorption  or  excretion. 
The  maintenance  of  rats  on  a  sodium-free  regimen  results  in  marked  hy¬ 
pertrophy  of  the  adrenal  cortices  with  evidences  of  increased  secretory 


Hemiocetol  Form 


Aldehyde  Form 


etui  run  M 

Fig  5-3  Formula  of  Electrocortin  or  Aldosterone 
Iig.  5  6.  r orm u  isolated  steroid  with  potent 

Reichstein  and  co-workers  propose  th  _  e  and  a  hemiacetal.  It  is  to  be  noted 
mineral  effects  exists  in  equilibrium  as  an  aldehyde  and  a^  ®  this  respect  it  re- 

“d  di,vers  fr°m  D°CA  °" 

desoxycorticosterone  (12a,  b). 
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activity,  while  extra  loads  of  sodium  result  in  a  decrease  in  the  size  of  the 
adrenal  cortex  with  diminished  activity  (13a-c).  These  morphologic  changes 
reflect  the  response  of  the  adrenal  cortex  to  the  need  to  conserve  filtered 
sodium  as  completely  as  possible.  This  is  achieved  by  virtue  of  the  kidneys 
inherent  capacity  together  with  the  supererogatory  influence  of  the  salt- 
retaining  steroids.  Within  a  matter  of  days  the  urine  becomes  \htuallj 
sodium-free.  This  adaptation  is  illustrated  in  figure  5-4  based  on  studies  in 
rats  (13d).  If  extrarenal  sodium  losses  do  not  occur,  such  a  subject  can 
continue  indefinitely  recirculating  his  own  sodium  stores  without  need  for 


Fig.  5-4.  Renal  Response  to  Sodium  Deprivation 

Each  of  these  rats  was  maintained  on  a  diet  free  of  all  electrolytes  hut  phwm 
The  absence  of  an  intake  of  sodium  promptly  evoked  ,  snHJnr!  .  chloride, 

with  the  elaboration  of  a  urine  free  of  this  electrolvtP  k  COnServatlon  ^sponse 
3  to  6  day,  (Danowski  al.,  unTub.Lhed  daU  )  "  "S  bCCamC  maSimal  "Hhi" 
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replenishment.  On  the  other  hand  the  “atrophic”  adrenal  cortex  which  de¬ 
velops  with  increased  sodium  loading  reflects  the  diminished  need  for  re¬ 
absorption  of  this  ion. 

Incidentally  it  should  be  indicated  that  these  steroids  can  be  shown  to 
influence  the  output  of  sodium  via  the  sweat  glands  and  via  the  gastroin¬ 
testinal  tract  in  the  same  direction  as  their  renal  effects.  T  he  first  of  these 
is  directly  demonstrable  by  collecting  sweat  from  patients  with  normal, 
increased,  or  decreased  function  of  the  adrenal  cortex  (14a-d).  The  gastro¬ 
intestinal  effect  is  detectable  only  by  the  use  of  exchange  resins  (see  chapter 
9)  which  augment  the  sodium  content  of  feces.  In  patients  with  adreno¬ 
cortical  insufficiency  these  resins  remove  amounts  of  sodium  which  are 
several  fold  higher  than  those  otherwise  achieved  (15a).  Other  indirect 
evidence  of  a  similar  type  has  been  offered  based  on  observations  ot  patients 
with  body  fluid  excesses  in  whom  evidences  of  concomitant  hyperadreno- 
corticism  were  present  (15b,  c).  In  such  subjects  the  resins  were  thought  to 
be  less  effective  than  usual. 

Though  the  discussion  up  to  this  point  has  emphasized  the  role  of  the 
adrenal  cortex  this  must  not  be  taken  to  mean  that  this  is  a  self-sufficient 
organ  and  that  the  adjustments  that  have  been  cited  are  confined  to  it. 
\s  a  matter  of  fact,  to  the  as  yet  incompletely  defined  role  of  anterior  pi¬ 
tuitary  adrenocorticotrophin  in  sodium  metabolism  must  be  added  the 
further  question  of  the  relationship  of  higher  neurologic  centers.  Clinical 
evidence  is  available  indicating  that  disturbances  of  sodium  metabolism 
may  accompany  brain  lesions  (16a-d).  This  last  point  is  discussed  in  greater 

detail  in  chapter  17. 

III.  Factors  Operative  in  the  Maintenance  of  Body  Potassium 


A.  Fate  of  Ingested  Potassium 

Figure  5-5  summarizes  the  sites  ot  body  potassium  in  health  As  in  the 
case  of  sodium  the  potassium  inside  and  outside  of  cells  is  ultunately  de¬ 
rived  from  dietary  constituents  which  provide  some  four  to  eight  grams  per 

cretion  of  potassium.  1  hough  the.  '>a«e  feca,  output  of  this 

fon^he^fect  remains^hat^n  tems°of  net  balance  ihe  gastrointestinal  loss 
of  potassium  is  greater  than  the  output  o  f  s  od  um  ™  this  route. 

The  absorbed  usually  .5  to  20 

come  incorporated  in  extracellular  compartment,  or  be 

tract,  or  the  shin  (17a-c). 
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Fig.  5-5.  Diagram  of  the  Principal  Depots  and  Transfers  of 

Potassium  in  the  Body 

Areas  of  circles  are  proportional  to  the  total  amount  of  potassium  in  each  extra¬ 
cellular  and  intracellular  depot  of  a  60-kg.  subject.  Arrows  represent  the  main  trans¬ 
fers  of  the  ion;  the  intake  from  the  gastrointestinal  tract  (a),  the  output  through 
the  kidneys  (c),  and  the  exchanges  between  cellular  depots  and  extracellular  fluid 
(b).  Changes  in  the  degree  of  dissociation  or  osmotic  activity  within  the  cell  are 
indicated  (d). 


B.  Transfers  of  Potassium  between  Cells  and  Extracellular  Fluid 

The  unequal  distribution  of  potassium  between  cells  and  the  surrounding 
fluid,  referred  to  earlier,  exists  only  in  the  living  organism.  With  death,  po¬ 
tassium  pours  out  of  the  cells  until  its  concentration  is  equal  in  the  water 
on  both  sides  of  the  cell  membrane.  Similar  losses  of  cell  potassium  can  be 
observed  with  anoxia.  As  described  in  figure  3-2,  in  chapter  3,  in  the  isolated 
blood  cell  system  interruption  of  carbohydrate  metabolism  by  refrigeration, 
exhaustion  of  glucose  supplies,  or  exposure  to  inhibitors  of  glycolysis  such 
as  fluoride  also  produces  losses  of  cell  potassium. 

Insofar  as  the  entry  of  potassium  into  cells  is  concerned  it  should  first 
be  pointed  out  that  normal  growth  or  repair  inevitably  involves  the  in¬ 
corporation  of  this  element  within  cells,  since  it  is  characteristically  present 
ere  and  m  iclatively  fixed  proportions.  Also,  the  formation  of  glycogen 
n  hver  or  the  reformation  of  muscle  glycogen  also  must  involve  cdlular 
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even  in  the  absence  of  any  of  these  processes.  This  is  readily  demonstrable 
by  administering  a  known  amount  of  a  stable  or  radioactive  potassium 
salt  and  noting  that,  before  the  final  renal  adjustments  are  made,  the  po¬ 
tassium  ion  distributes  itself  in  a  volume  of  body  fluid  which  exceeds  the 
extracellular  space  in  magnitude  (17a-c). 


C.  Role  of  the  Kidney  in  the  Excretion  and  Retention  of  Potassium 

The  extracellular  levels  of  potassium  represent  the  net  balance,  in  a  sense, 
of  the  potassium  that  is  ingested,  that  portion  incorporated  into  cells,  and 
that  portion  which  is  excreted.  The  relative  constancy  of  the  serum  values 
of  tills  electrolyte  points  to  the  presence  of  regulatory  mechanisms.  Again, 
as  with  water  and  sodium,  the  kidneys  and  humoral  factors  occupy  key 
positions  in  effecting  the  excretion  of  this  electrolyte.  At  present  it  is  un¬ 
certain  what  proportion  of  filtered  potassium,  if  any,  is  actually  excreted 
in  urine  as  a  consequence  of  incomplete  tubular  reabsorption.  It  is  unques¬ 
tioned  that  tubular  secretion  or  excretion  of  potassium  does  occur  since 
in  certain  instances  glomerular  filtration  cannot  possibly  account  for  all  of 
the  potassium  which  appears  in  urine  (19a-e).  Hence  it  seems  valid  to  take 
the  position  at  this  time  that  the  relative  magnitude  of  the  contributions 
of  glomerular  filtration  and  tubular  activity  to  potassium  excretion  are 
incompletely  defined.  The  matter  however  will  be  discussed  in  further  de¬ 
tail  in  chapter  10  in  defining  the  role  of  the  kidney  in  anion-cation  balances. 

The  urinary  excretion  of  potassium  is  also  under  hormonal  influence. 
The  adrenocortical  type  steroids  cited  in  discussing  -  elect™- 

cortin  desoxycorticosterone,  and  Compound  E,  as  well  as  ACTH  all  lac 
itate  the  excretion  of  potassium.  Hence  with  potassium  loa(  ing  e  a  ren 

=1: 

-  ••  prp«v tssssri "  i— 

the  very  reason  that  sodium  <  om  "Lsite  effects  on  sodium  and  potassium 
cause  adrenocortical  discharge  as  some  0f  the  sodium  involves 

output,  or  because  the  reabsorp  10  .  potassium  deprivation 

an  exchange  for  potassium.  l  .gu«  M ^  not 

in  human  volunteers  (20c)  unde iK<»  h  •  •  presumably  because 

accompanied  by  complete  conservation  of  potassium,  P 

this* regimen  produced  stress. 
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IV.  Regulation  of  Body  Stores  and  Concentrations  of  Chloride, 
Calcium,  Phosphorus,  Bicarbonate  and  Other  Electrolytes 

A.  Chloride 

Chloride  in  general  terms  is  currently  considered  to  be  subject  to  the 
same  influences  which  act  upon  sodium.  Certainly  this  is  supported  by  the 
frequency  with  which  changes  in  the  serum  concentration  of  one  of  these 
ions  are  reflected  by  roughly  comparable  changes  in  the  other.  This  type 
of  relationship  in  urine  has  been  illustrated  in  figure  5-2.  Such  excellent 
agreement  between  the  urinary  output  of  sodium  and  chloride  is  not  present 
however  in  all  disease  states  and  suggests  that  separate  influences  act  upon 
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these  ions  or  that  their  responses  to  the  same  stimuli  are  different.  Thus, 
adrenocortical  steroids  act,  if  the  studies  of  Pullman  (21a)  with  desoxycorti- 
costerone  can  be  taken  as  a  prototype,  upon  sodium  only  and  hence  the 
accompanying  changes  in  chloride  are  secondary.  On  the  other  hand,  as 
indicated  in  chapters  9  and  13,  mercurial  diuretics  influence  sodium  excre¬ 
tion  secondary  to  increased  excretion  of  chloride.  Finally,  though  informa¬ 
tion  is  available  concerning  the  position  of  chloride  in  the  hierarchy  of 
anions  competing  for  reabsorption  (21b),  the  definitive  statements  concern¬ 
ing  the  renal  tubular  exchanges  of  chloride  cannot  as  yet  be  made. 

B.  Calcium  and  Phosphorus 


The  two  most  clearly  defined  regulators  of  calcium  and  phosphorus 
metabolism  known  to  date  are  the  vitamin  D  hormones  and  the  parathyroid 
glands.  The  detailed  studies  of  Albright  and  his  colleagues  and  contempor- 
aries  indicate  that  vitamin  D  has  two  primary  effects:  it  increases  the  ab- 
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sorption  of  ingested  calcium  and  raises  the  urinary  excretion  of  inorganic 
phosphorus  from  the  body.  Dihydrotachysterol  (or  A.T.  10)  differs  from 
vitamin  D  in  that  it  exerts  less  of  an  effect  upon  the  gastrointestinal  tract 
and  produces  a  greater  increase  in  urinary  phosphorus  excretion  (22a-d). 
Parathormone  on  the  other  hand  acts  predominately  on  the  kidneys  and 
again  raises  the  urinary  output  of  inorganic  phosphorus  and  has  much  less 
of  an  effect  on  the  composition  of  feces  (23a-d).  It  does  however  have  a 
direct  action  on  bone  causing  dissolution  (23d).  However,  as  in  the  case 
of  the  adrenal  cortex  and  the  antidiuretic  substances  with  respect  to  elec¬ 
trolyte  and  water  metabolism,  vitamin  D  and  parathormone  are  surely 
not  the  sole  regulators  of  calcium  and  phosphorus  metabolism.  Thus  it  Mill 
be  seen  in  subsequent  sections  of  this  text  that  in  malnutrition,  in  renal 
and  gastrointestinal  disease  states,  in  patients  with  inadequate  or  excessive 
estrogen  supplies,  the  stores  and  levels  of  calcium  and  phosphorus  are  in¬ 
directly  or  directly  modified. 

C.  Magnesium 

Information  concerning  magnesium  is  quite  scanty  because  of  difficulties 
with  the  available  analytic  technics  and  hence  the  fundamental  aspects 
of  the  regulation  of  magnesium  metabolism  have  not  been  defined.  It  is 
known  however  that  deficiency  in  rats  may  cause  convulsions,  that  excesses 
produce  vasomotor  depression  and  respiratory  failure,  that  in  myxedema 
the  binding  to  protein  decreases  to  zero  while  it  rises  to  approximately  50 
per  cent  in  hyperthyroidism,  and  that  in  diabetic  coma  or  in  renal  failure 
rises  above  the  usual  range  of  normal  do  occur.  These  changes  are  described 
in  greater  detail  and  with  bibliographic  support  in  chapter  23. 

D.  Bicarbonate 


Of  the  remaining  quantitatively  important  anions  in  the  Gamble  diagram 
bicarbonate  metabolism  is  sufficiently  complicated  to  warrant  coverage  in 
a  separate  section  (chapters  10  and  11). 
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Chapter  6 

COMMON  DENOMINATORS  IN  DISEASE  STATES 
LEADING  TO  DEFICITS  OF  BODY 
CONSTITUENTS 


A  working  knowledge  of  the  material  presented  in  the  preceding  chapters, 
i.e.,  of  mechanisms  operative  in  the  maintenance  of  body  water,  anions, 
and  cations,  is  essential  for  discussions  of  the  common  denominators  which 
result  in  deficits  of  water  and  electrolytes  in  disease  states.  These  include 
starvation,  dehydration,  vomiting,  diarrhea,  sweating,  renal  function  and 
dysfunction. 


I.  Starvation  with  Water  Available  as  Desired 

Loss  of  appetite  is  a  frequent  accompaniment  of  many  diseases.  Inter¬ 
ruption  of  all  intake  but  water  under  these  or  similar  circumstances  is  soon 
followed  by  a  decrease  in  or  absence  of  stool  output,  and  a  loss  of  body 
weight.  The  latter  occurs  despite  the  fact  that  sufficient  water  is  available. 
Such  weight  loss  is  due  primarily  to  a  loss  of  body  solids,  i.e.,  carbohydrate, 
protein,  and  fat,  sacrificed  to  provide  energy  for  metabolic  needs,  though 
some  water  is  lost  as  well.  The  depolymerization  of  liver  glycogen  releases 
potassium  and  smaller  amounts  of  other  cations.  However  in  its  net  effect 
this  is  a  small  contribution  both  in  calories  and  in  electrolytes  since  the 
body  stores  of  liver  glycogen  are  limited  and  soon  consumed.  In  protracted 
starvation  the  body  relies  chiefly  upon  fat  and  tissue  protein.  Combustion 
of  the  latter  foodstuff  releases  a  more  or  less  predictable  amount  of  cell  po¬ 
tassium.  In  addition,  nitrogenous  products,  chiefly  urea,  accrue  from  the  de¬ 
gradation  of  the  protein  molecule,  and  acetone  bodies  accumulate  when 
fatty  acids  are  mobilized  in  excess  of  the  capacities  of  tissues  and  organs 
to  catabolize  or  to  excrete  these  products  (la— c). 

The  kidney  under  conditions  of  restricted  or  absent  intake  of  minerals 
and  calories  endeavors  to  conserve  certain  body  constituents.  Thus  within 
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a  matter  of  several  days  the  urinary  output  of  sodium  declines,  as  discussed 
in  chapter  5  and  illustrated  in  figure  5-4,  and  may  reach  levels  indistin¬ 
guishable  from  zero.  Similarly  the  sodium  content  of  sweat  decreases.  Urine 
potassium  excretion  on  the  other  hand  continues  to  be  quantitatively  sig¬ 
nificant,  and  in  many  patients  produces  notable  deficits  of  this  electro¬ 
lyte.  Hence  the  net  effect  of  acute  food  deprivation  is  a  destruction  of  body 
tissues  and  a  loss  to  a  variable  degree  of  some  of  the  body  potassium  in 
urine  (ld-j). 

In  prolonged  starvation,  as  in  that  seen  in  war  prisoners,  it  has  been  noted 
that  the  extracellular  fluid  becomes  unduly  expanded,  for  reasons  which  have 
not  been  satisfactorily  defined.  The  serum  albumin  levels  are  lowered  as  are 
the  concentrations  of  cholesterol  (lk— m).  Other  blood  solutes  aie  veil-main¬ 
tained  in  these  subjects.  On  the  other  hand  when  chronic  potassium  deficits 
occur  in  experimental  animals  hypokalemia,  hypochloremia  and  alkalosis 
may  develop.  In  animals  deprived  of  potassium  muscle  potassium  is  de¬ 
creased  while  sodium  rises  (ln-p).  The  mechanisms  operative  in  this  last 
group  of  changes  are  discussed  in  chapters  7  and  10. 

II.  Dehydration 


A.  Clinical  and  Physiologic  Aspects 

Deficits  of  body  water  occur  in  their  least  complicated  form  in  patients 
or  subjects  who  for  any  reason  do  not  receive  and  retain  an  adequate  daily 
supply  of  water,  e.g.,  in  neglected  or  unconscious  adults  or  children,  in  pa¬ 
tients  with  obstructive  lesions  of  the  upper  gastrointestinal  tract,  in  men¬ 
tally  disturbed  individuals  who  refuse  fluids,  and  in  persons  deprived  of 
fresh  water  at  sea  or  in  the  desert.  For  the  moment,  we  shall  ignore  the  sta  - 
ration  which  is  frequently  also  present,  with  a  promise  to  return  to  it  fol- 
lowine:  the  discussion  of  dehydration  pei  sc. 

body  water  is  lost  via  th°  kl^  of  antidiuretic  substances 

minimum,  some  250  to  350  each  24-hour  V*™  win  not  prevent 

This  cutback  1,1  the  lo7“  e  not  only  biuse  urine  formation  does 
progressive  dehydration  I  -  <  b„t  also  because  the  extrarenal 

continue,  even  hough  at  a  inaofar  as  the  insensible  output  of 

S  ^s  concerned^1  the  rise  in  osmotic  pressure  in  body  fluids  as  a  result  of 
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dehydration  and  the  diminution  in  the  vapor  pressure  can  be  expected  to 
effect  only  minor  decreases  in  the  losses  through  evaporation. 

Thirst  is  the  cardinal  symptom  of  dehydration.  It  is  closely  corre  atec 
with  antidiuresis,  hypertonicity  of  body  fluids,  and  intracellular  water  defi¬ 
cit,  This  symptom  in  any  sick  patient  therefore  merits  careful  consideration. 

B.  Transfers  of  Water  from  Cells  Mitigate  Extracellular  Dehydration 

Since  these  losses  of  body  water  occur  through  surfaces  adjacent  to  the 
extracellular  fluid,  it  is  evident  that  the  volume  of  this  compartment  will 
decline.  However,  a  number  of  mechanisms  can  result  in  internal  transfers 
of  water  from  cells  to  surrounding  fluid  and  thereby  reduce  the  degree  of 
extracellular  dehydration  (2a-f).  The  first  of  these  is  related  to  the  osmotic 
sequel  of  removing  water  from  the  extracellular  fluid  without  decreasing 
the  number  of  solutes  present  therein.  This  consists  of  a  transfer  of  water 
from  the  cellular  phase  until  the  differential  osmotic  pressure  between  these 
two  phases  is  cancelled.  This  is  illustrated  in  figure  6-1.  It  should  be  appar¬ 
ent  however  that,  even  though  the  dehydration  (incurred  initially  through 
extracellular  media)  is  thereby  distributed  through  the  two  major  compart- 

E  I 

r - 


a  b 


o 

o 

I 


■volume  — 


c  d 

Fig.  6-1.  Osmotic  Transfers  of  Water  between  Extracellular  and 
Intracellular  Compartments  in  Response  to  Changes  in  the 
Extracellular  Concentration  of  Electrolyte;  Illustrated 
by  Means  of  Darrow-Yannet  Diagrams 
-The  reduction  of  concentration  in  E  (a)  causes  transfer  of  water  from  E  to  I  or 

wa  elafroTl  fydpati0niibl'  E!er‘i0n.0t  conc<!"lrati°"  "•  E  (c)  causes  transfer  of 
water  from  I  to  E  or  cellular  dehydration  (d). 
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Procedure 

No  expts 

4  20  -j 

A  Cl 

0-- 

EC  W 

- 

(meq/L) 

-  20  J 

A  ECW 

4  20 

0  I- 

(%  change) 

-  20  - 

A  Plasma  vol. 

4  20 

(%  change) 

0  -- 

A  Cardiac  Index 

-  20  - 
-40  I 

4  2.00 

(L/min/m2) 

0  -- 

-  200  - 

A  Circ.Time 

°T 

(seconds) 

A  Mean  Art.  Bl.  P. 

-  4  J 

0  j 
-  20  - 

(mm.  Hg) 

-  40  I 

Water 

Depletion 

7 


Fig.  6-2.  Water  Depletion  in  Dogs 

The  end  result  of  dehydration  produced  by  urea  diuresis  includes  hyperelectrolyt- 
emia  as  reflected  in  the  increased  chloride  levels  and  a  proportionate  depletion  o 
extracellular  and  plasma  volumes.  Though  not  shown  above,  an  equivalent  ce  lular 
depletion  was  present  since  water  freely  crosses  cell  membranes.  (From  Elk.nton 

et  al  (2d).) 


merits  of  body  water,  it  is  nonetheless  still  present.  This  is  seen  in  the  expet- 

iments  summarized  in  figure  6-2  (see  also  Fig.  2-6). 

\s  dehydration  and  liypertonicity  progress,  another  process  is  nut  rated 

whth  release"  a  further  modicum  of  cell  water.  This  is  illustrated  figure 

6-3  under  the  term  “dehydration  reaction”;  it  is  a  renal  response  chzrac 

•  „d  bv  the  excretion  of  potassium  at  the  expense  of  sodium  (2a,  e,  f)  a  P 
1Zed  by  the  excreuon  secretion  of  the  former  cation.  The 

Sa?JSa^=£SS== 

1  „  \rroin  tho  osmotic  pressure  differentials  Deiween 

are'Sprevented  by  a  net  gain  of  water  by  the  external  compartment. 
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Days  of  water  deprivation 

Fig.  6-3.  The  “Dehydration  Reaction” 

During  water  deprivation  in  the  dog  the  potassium  concentration  in  urine  rose 
while  that  of  sodium  and  chloride  fell,  despite  the  progressive  rise  in  concentration 
of  these  latter  ions  in  the  serum.  The  volume  of  urine  (dashed  line)  fell  as  water  was 
conserved.  (From  the  data  of  Elkinton  and  Taffel  (2a).) 

A  third  adjustment  to  dehydration  and  hypertonicity,  also  related  to 
osmotic  effects,  can  be  cited.  Its  existence  is  based  on  deduction  from  trans¬ 
fer  studies  which  indicate  that  the  total  osmotically  active  base  of  cells  can 
vary  in  amount  (3a).  Furthermore,  such  increases  or  decreases  can  occur 
without  movement  of  cations  and  therefore  may  be  akin  to  complexing  or 
sequestering  reactions  of  the  type  seen  with  chelating  agents  (3b).  Such  a 
cancellation  of  the  osmotic  effects  of  cations  in  solution  in  the  cells  of  dehy¬ 
drated  patients  can  be  expected  in  turn  to  release  water  from  cells  as  a  re¬ 
sult  of  a  simultaneous  absolute  decrease  in  the  hypertonicity. 

It  should  be  emphasized  that  in  this  type  of  dehydration  we  are  dealing 
primarily  with  deficits  of  body  water.  The  body  electrolyte  stores  remain 
relatively  intact,  even  though  some  urinary  excretion  of  anions  and  cations 
may  continue  at  a  reduced  rate  and  potassium  is  known  to  leave  the  cells. 

C.  Effects  of  Starvation  and  Dehydration 

The  superimposition  of  starvation  upon  dehydration  modifies  the  rate  at 
which  the  latter  occurs  as  well  as  its  degree,  depending  upon  whether  it  is 
complete  or  partial  and  upon  the  food  given.  In  total  starvation  the  de- 
creased  energy  turnover  reduces  the  water  of  oxidation  made  available 
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Totol 
Wot  er 
Loss 

c  c. 


Insensible 

Weight 

Loss 

g  m. 


Urine 

Volume 

c  c. 


Balance 

of 

Body 

protein 

g  m. 


M  eon  <T~ 

•  2  6.4  ±7.1 


16. 6  ±3.2 


•  20.7  ±3.5 

o  15.9  ±3.5 


<-  •  III  ±  4.3 

o  5  7  ±  18 

Legend 

No  food . - ° 

Dry  protein-*--* —  • 
Dry  carbohydrate--* 
Dry  protein  + 

corbohydrcte--A 


Averoge  per  Kgm.  per  doy 

Protein  Metabolized 

g  m 

F,o  6-4.  Effects  of  Intake  on  Balances  of  Water  ano  Brote.n  .n 

Dogs  Deprived  of  Water 

Protein  .netted  U  cl—  £ 

Ttn:ii0maMead'dry  p“.l  plus  c^bohyd^rte  are  only  plotted  in  the  lowest  figure 
since  they  overlie  the  control  groups.  tein  but  accelerates  dehydration. 

chiefly  by  sparing  body 

protein.  (From  Danowski  et  al  (3c).) 
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through  the  combustion  of  foodstuffs  or  body  tissues.  On  the  other  hand, 
in  some  measure  this  is  counterbalanced  by  the  decreased  production  of 
calories  which  decreases  the  need  for  insensible  perspiration  for  the  dissi¬ 
pation  of  heat.  Furthermore,  since  cessation  of  food  intake  is  usually  fol¬ 
lowed  by  marked  constipation  or  by  passage  of  only  small  desiccated  stools, 
the  loss  of  water  which  normally  occurs  in  feces  is  essentially  eliminated. 
Finally,  the  load  of  solute  presented  to  the  kidney  for  excretion,  consisting 
chiefly  of  urea  and  of  electrolytes,  will  also  be  decreased  in  starvation. 

The  effects  of  partial  starvation  upon  dehydration  will  depend  upon  the 
foodstuff  which  is  provided.  Thus  a  high  intake  of  carbohydrate  without 
fat  or  protein  will  diminish  both  the  breakdown  of  endogenous  protein  and 
the  formation  of  ketone  bodies.  This  decreases  the  urinary  solute  load  and 
thereby  permits  maximal  reduction  in  urine  volumes.  On  the  other  hand, 
ingestion  of  fat  only  will  increase  ketone  body  formation  but  may  serve  to 
minimize  negative  balances  of  cell  nitrogen.  Finally,  a  high  protein  ration 
will  inevitably  raise  the  urea  output,  increase  the  urine  volumes,  and  accel¬ 
erate  dehydration  (3c-e).  This  can  be  readily  seen  in  figure  6-4  which  illus¬ 
trates  experimental  studies  concerning  this  point. 


Ill  .  ^  omiting 


Vomiting  is  accompanied  by  all  of  the  changes  which  have  been  described 
in  the  section  on  dehydration  and  starvation.  This  is  understandable  since 
vomiting  interferes  with  the  intake  of  fluids  and  of  foods.  Such  patients  also 
develop  negative  balances  of  body  constituents  as  a  result  of  losses  in  the 
vomitus.  Gastric  secretion  contains  considerable  amounts  of  sodium  and  of 
potassium  in  addition  to  its  high  content  of  either  hydrochloric  acid  or  chlo¬ 
ride  (4a-e).  The  losses  of  the  chloride  ion  understandably  result  in  hypo- 
chloremia  and  a  metabolic  alkalosis  (fig.  6-5).  The  latter  stems  from  the 
fact  that  the  losses  of  extracellular  chloride  in  vomitus  are  greater  than  the 
losses  ol  sodium.  In  keeping  with  the  principles  enunciated  in  chapters  10 
and  11  carbon  dioxide  is  then  retained  and  plasma  bicarbonate  increases  to 
make  up  the  discrepancy  between  the  losses  of  anions  and  cations.  In  the 
uncompensated  phase  this  increase  in  bicarbonate  will  be  accompanied  by 
a  rise  in  pH.  The  magnitude  of  the  metabolic  alkalosis  and  the  pH  change 
may  be  somewhat  diminished  by  decreases  in  the  extracellular  fluid  con¬ 
centrations  of  sodium  and  of  potassium. 

Irrespective  of  whether  or  not  hyponatremia  and  hypokalemia  appear 
vomi  ,ng  patients  do  develop  deficits  of  these  cations.  As  a  matter  of  fact 
such  losses  may  be  present  in  the  face  of  normal  or  elevated  concentrations 
o  these  electrolytes  (tf-i).  This  is  illustrated  in  figure  6-6.  The  seeming 
disparity  between  high  concentrations  and  decreased  body  stores  is  3i  v 
resolved  by  the  recollection  of  the  fact  that  concentrations  are  influenced 
y  water  balances  as  well  as  electrolyte  balances.  Hence,  if  water  and  elec- 
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Fig.  6-6.  Serum  Electrolytes  in  23  Infants  with  Pyloric  Stenosis 
Prior  to  Surgical  Relief  of  the  Obstruction 

Solid  columns  identify  male  infants. 

The  plotted  values  represent  the  most  marked  changes  found  during  serial  day  to 
day  measurements  and  indicate  that  hypochloremia  and  alkalosis  are  frequently 
though  not  invariably  present.  The  changes  in  sodium  and  in  potassium  are  less 
marked  but  they  nonetheless  indicate  a  tendency  to  a  decrease  in  the  concentrations 
of  each  of  these  constituents. 

I  he  shaded  background  depicts  the  Cl,  Na,  and  K  findings  in  95  per  cent  of  61  to 
JO  normal  infants  (i.e.  mean  ±  2  S.D.)  0  to  6  weeks  of  age  as  described  in  chapter  4. 
1  he  values  for  bicarbonate  are  taken  from  a  much  smaller  series  of  infants  but  are  in 
keeping  with  the  findings  of  others.  (Danowski  et  al.,  unpublished  data.) 


trolytes  are  lost  in  the  same  proportions  as  those  prevailing  in  the  extracel¬ 
lular  fluid,  the  levels  will  not  change.  On  the  other  hand  if  water  losses  pre¬ 
dominate  the  concentrations  will  rise.  Finally,  if  electrolyte  losses  are  the 
greater,  hypotonicity  supervenes.  In  all  three  of  these  eventualities  the  ab¬ 
solute  amount  of  body  electrolyte  has  been  decreased. 

In  summary,  therefore,  ingestion  of  food  or  fluids  stimulates  an  outpour¬ 
ing  of  gastric  secretions  thereby  augmenting  the  volume  and  the  solute  con- 

rY  ,  Tu!  mate,'ials-  This  P™ess  is  physiologic  since  it  occurs 
fS  “  heflaltiy  and  is  ^wed  by  subsequent  assimilation  of 

the  food  the  fluids,  as  well  as  the  secretions.  In  diseases  characterised  by 

Z  2  7  7e  the  electrolyte  conte»t  the  secretions  are  greatly 

increased  and  subsequent  reabsorption  does  not  of  course  occur  The  net 
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effect  is  sodium  and  chloride  depletion,  metabolic  alkalosis,  and  potassium 
deficiency  superimposed  on  dehydration  and  starvation. 


IV.  Diarrhea 


Profound  changes  in  body  fluids  and  electrolytes  are  encountered  fre¬ 
quently  in  the  diarrheas  of  infancy  and  are  occasionally  seen  in  older 
patients.  As  in  vomiting,  these  patients  also  develop  various  degrees  of 
dehydration  and  starvation,  as  well  as  more  specific  deficits  of  body  con¬ 
stituents  through  losses  of  gastrointestinal  secretions.  In  contrast  to  gastric 
juice,  the  intestinal  fluids  contain  bicarbonate  rather  than  chloride  as  the 
predominant  anion.  Sodium  and  potassium  are  again  the  chief  cations. 
Analyses  of  diarrheal  stools  reveal  a  much  higher  content  of  water,  sodium, 
potassium,  chloride,  and  nitrogen  than  that  present  in  formed  stools.  1  he 
electrolytes  which  are  lost  represent  either  ingested  or  endogenous  material, 

or  both  (5a-e). 

Evidence  from  studies  in  children  indicates  that  the  losses  from  the  body 
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Fio  6-7.  Serum  Electrolytes  in  Diarrheal  Infants 
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shortly  thereafter.  It  will  be  note  t  a  s°tremi  hvpcrchloremia,  hyperkalemia, 
fall  within  the  range  of  normal.  T  he  protracted  or  the  more  intensive 
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can  be  minimized  or  even  cancelled  by  sufficient  increases  in  the  intake  of 
these  constituents  even  though  diarrhea  persists  (5f,  g).  "t  his  is  not,  how¬ 
ever,  the  ordinary  therapeutic  practice  and  hence  negative  balances  to¬ 
gether  with  deficits  of  body  water  are  the  usual  finding  in  patients  with  di¬ 
arrhea. 

Figure  6-7  shows  in  infants  with  diarrhea  the  pattern  of  electrolytes 
shortly  following  admission.  The  infants  with  the  more  severe  and  protrac¬ 
ted  forms  of  the  disorder  invariably  show  marked  dehydration  which  raises 
the  concentration  of  extracellular  electrolytes  even  though  actual  deficits 
exist  (see  fig.  20-1).  This  explains  the  marked  hyperchloremia,  hyper¬ 
natremia,  and  hyperkalemia.  The  accompanying  metabolic  acidosis  is 
related  to  losses  of  bicarbonate  in  the  stool,  to  starvation  with  consequent 
accumulation  of  ketone  bodies,  to  renal  failure,  and  to  hyperchloremia. 

As  mentioned  earlier,  diarrhea  in  adults  is  a  much  less  severe  disease. 
Adult  subjects  show  a  greater  ability  to  maintain  the  fluid  of  the  body 
within  normal  concentrations  and  hence  the  deficits  which  are  contracted 
are  not,  in  the  early  phases  at  least,  accompanied  by  hyperelectrolytemia. 
Extensive  deficits  can  however  develop  in  dysentery,  cholera,  ulcerative 
colitis,  and  in  the  diarrhea  of  nontropical  sprue  (6a-c).  Potassium  is  also 
lost  via  the  red  cells  which  are  so  frequently  present  in  stools  of  the  first 
three  categories  of  such  patients.  Potassium  deficits  have  also  been  reported 
following  chronic  use  of  laxatives  (6d). 

V.  Sweating 

Analyses  of  sweat  reveal  a  variable  though  usually  high  content  of  so¬ 
dium  and  chloride  and  lesser  amounts  of  potassium  and  nitrogen.  Hence 
any  illness  characterized  by  fever  and  sweating  will  augment  the  extrarenal 
losses  of  these  electrolytes.  If  these  are  not  replaced,  deficits  will  ensue. 

Some  of  the  factors  which  influence  the  electrolyte  content  of  sweat  have 
been  identified.  Thus  acclimitization  to  tropical  temperatures  involves  de¬ 
creases  in  salt  output;  adrenocortical  hyperactivity  decreases  sodium  in 
sweat  while  insufficiency  raises  it  (7a-c).  In  mucoviscidosis,  a  pancreatic- 
respiratory  tract  disorder  in  children,  the  sweat  glands  put  out  sodium  in 

largei  amounts  than  usual  and  render  these  patients  especially  susceptible 
to  deficits  (7d). 


M.  Renal  Function  and  Dysfunction 

The  role  of  the  kidney  in  the  development  of  deficits  of  body  fluid  and 
electrolytes  can  be  quickly  delineated. 

A.  Water 


The  inevitable  loss  of  some  body  water  even  when  urine  formation  is  oc- 
currmg  under  the  maximal  stimulus  of  antidiuretic  substances,  has  already 


168 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


been  described  in  the  discussion  of  the  dehydration  reactions.  In  chronic 
renal  disease  the  kidney  may  fail  to  conserve  water  to  the  extent  that  this 
becomes  the  chief  route  of  loss,  surpassing  the  insensible  perspiration  in  this 
regard. 

Obviously  with  injury  to  the  hypothalamic-hypophyseal  system  which 
elaborates  these  humoral  antidiuretic  agents,  or  with  kidneys  incapable  of 
responding  to  them,  much  larger  amounts  of  filtered  water  will  be  put  out 
in  urine  as  diabetes  insipidus  develops.  Deficits  need  not  occur,  of  course,  if 
a  sufficient  intake  of  water  is  provided. 


B.  Sodium  and  Chloride 

The  normal  kidney  will  conserve  sodium  and  chloride  in  case  of  need, 
provided  an  adequate  supply  of  adrenocortical  steroids  is  available.  On  the 
other  hand,  renal  sodium  and  chloride  wastage  is  a  constant  feature  only 
of  classical  Addison’s  disease  and  occurs  only  infrequently  and  even  rarely 
in  chronic  nephritis.  This  latter  fact  is  not  generally  appreciated.  Such  er¬ 
roneous  views  stem  from  the  fact  that  the  lowering  of  serum  concentrations 

of  sodium  and  of  chloride  which  occurs  so  often  in  patients  with  renal  dis- 
ease  is  taken  to  indicate  salt  wastage.  The  actual  mechanisms  involved  are 
discussed  in  greater  detail  in  chapter  12  where  it  is  pointed  out  that  in  ie 
early  phases  of  recovery  from  acute  tubular  injury,  as  in  lower  nephron 

nephrosis,  temporary  true  salt  wastage  may  be  present. 

The  effect  of  mercurial  diuretics  and  of  carbonic  anhydrase  inhibitors  in 
increasing  sodium  and  chloride  output  is  discussed  in  chapter  9  t  hese  may 
contribute  to  or  be  responsible  for  deficits  of  these  two  electrolytes. 


C.  Potassium 

It  has  already  been  indicated  in  chapter  5  that  renal  conservation  of  po¬ 
tassium  is  not  adequate  to  prevent  undue  losses  of  body  potassium  during 

WHvillust  a  e"  J  he  continued  renal  excretion  of  potassium  in  the  ab- 
cleaily  1  ustratea  Dy  sub  ects  with  gastro- 

i . . ? 

significance.  These  factors  result  in  potassium  deficits 

^S-wn  at  S 

convalescent  *iower 'nephron  nephrosis  with  unduly  large  urinary  output  of 
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potassium,  suggesting  tubular  secretion  of  the  ion,  as  well  as  those  patients 
receiving  mercurials  or  carbonic  anhydrase  inhibitois. 


D.  Phosphate  and  Other  Electrolytes 

Undue  losses  of  phosphate  are  encountered  in  patients  with  hyperpara¬ 
thyroidism  or  excessive  amounts  of  vitamin  D  as  a  consequence  of  the  renal 
effects  of  these  agents  as  described  in  the  preceding  chapter.  In  diabetic 
coma  the  cells  lose  large  amounts  of  organic  and  soluble  phosphorus  and 
serum  inorganic  levels  decline  markedly  as  a  consequence  of  renal  excre¬ 
tion  (chapter  15). 

Renal  losses  of  phosphate  which  ultimately  result  in  deficits  of  this  con¬ 
stituent  occur  only  rarely  in  renal  disease,  as  in  the  DeToni-Fanconi  syn- 


Potassium 

intake 

meq.  per  day 


MIC  ^  p  tJ 


lio  6-8.  Relation  of  Daily  Renal  Excretion  of  Potassium  to  Intake 

lov  lS:eP^nt  Pat,iGntS  With  potassium  deficiency  but  with  normal  kidneys  on 
low  intakes  of  the  ion  (open  circles)  and  on  high  intakes  (solid  rir.-h^  Ti  ‘  ’ 
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drome.  These  are  discussed  in  chapter  12.  In  almost  all  other  types  of  renal 
failure  the  excretion  of  inorganic  phosphate  is  inadequate  and  hyperphos¬ 
phatemia  develops. 

Conditions  which  result  in  deficits  of  calcium,  magnesium,  protein  or 
other  electrolytes  are  discussed  in  relationship  to  particular  disease  entities, 
as  well  as  in  Part  IV  which  deals  with  therapy. 


Summary:  Many  disease  states  which  are  otherwise  unrelated  have  cer¬ 
tain  features  in  common  such  as  starvation,  dehydration,  vomiting,  diar¬ 
rhea,  sweating,  and  renal  dysfunction.  These  symptoms  can  exert  profound 
influences  upon  the  volume  and  composition  of  body  fluids  and  solutes. 
Thus,  starvation  produces  negative  balances  of  body  protein  and  sets  free 
cell  constituents  such  as  nitrogen  and  potassium.  Dehydration  sets  in  mo¬ 
tion  transfers  of  fluids  from  cells  to  extracellular  fluid  so  that  the  water 
deficit  is  shared  by  all  phases  of  the  body  fluid.  Vomiting  or  diarrhea  can 
lead  to  deficits  of  body  water  and  electrolytes  in  addition  to  interfering  with 
the  assimilation  of  food  and  fluids.  The  output  of  electrolytes  in  sweat  anti 
urine  also  affect  the  net  balances  of  body  constituents  in  disease  states. 


1.  (a) 

(b) 

(c) 

(d) 

(e) 
(0 

(B) 

(h) 

(i) 
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Chapter  7 


THE  PHYSIOLOGIC  EFFECTS  OF  WATER  AND 
ELECTROLYTE  DEFICITS  AND 
THEIR  TREATMENT 


The  decrease  in  total  body  water  which  ensues  in  dehydration  has  been 
discussed  in  detail  in  chapter  5.  It  was  pointed  out  that  dehydration  induces 
transfers  of  water  and  certain  solutes  between  the  various  body  compart¬ 
ments.  In  discussing  the  physiologic  concomitants  of  dehydration  the  im¬ 
portance  of  such  movements  from  cells  to  extracellular  fluid  in  protecting 
the  dehydrated  patient  from  a  dangerous  depletion  of  the  plasma  volume 
will  be  emphasized. 


I.  Dehydration:  Circulatory  and  CIVS  Changes 
Recollection  of  the  routes  of  water  excretion  in  partial  or  total  depriva¬ 
tion  points  up  the  fact  that  the  immediate  loss,  both  renal  and  extrarenal, 
occurs  from  the  extracellular  compartment.  Within  a  moment  however 
adjustments  take  place  which  apportion  the  water  deficit  between  the 
cells  and  the  extracellular  fluid,  it  has  already  been  pointed  out  that 
these  are  mediated  through:  a)  a  transfer  of  water  from  cells  in  response 
to  the  increased  osmolarity  of  the  extracellular  fluid,  b)  release  of  (ell 
potassium  with  further  inevitable  movements  of  cell  water,  and  c)  decreases 
in  the  osmotically  active  cell  base  (as  discussed  in  the  preceding  chapter), 
with  the  release  of  additional  increments  of  cell  water  to  replenish  the  ex¬ 
tracellular  fluid.  Consequently,  any  loss  of  water  from  the  body  is  appor¬ 
tioned  among  all  of  the  fluid  compartments.  This  is  of  particular  importance 
in  protecting  the  organism  against  marked  depletion  of  any  single  com- 


PaWRh  continued  dehydration,  however,  the  adjustments  which  have  been 
described  will  no  longer  suffice  to  defer  the  onset  of  the  physiologic  effects 
of  dehydration  and  hypertonicity.  Simple  dehydration  of  the  type  under 
discussion  has  been  shown  to  result,  though  sporadically  it  is  true,  in  cncu- 
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Fig.  7-1.  Comparison  of  Hemodynamic  Changes  in  Salt  Depletion 
with  Those  in  Water  Depletion  in  Dogs 
Percentile  changes  in  extracellular  fluid  volume  are  plotted  along  the  abscissae, 
the  hemodynamic  measurements  are  plotted  along  the  ordinates.  Open  circles  repre¬ 
sent  water  depletion.  Closed  figures  represent  salt  depletion. 

Salt  depletion  in  contrast  to  water  depletion  is  characterized  by  a  greater  increase 
in  circulation  time,  a  greater  fall  in  mean  arterial  pressure,  and  a  greater  rise  in 
oxygen  arteriovenous  difference.  There  is  no  consistent  difference  between  the  two 
groups  in  the  changes  in  cardiac  output  and  in  total  peripheral  resistance.  (From 
Elkinton  et  al  (lc).) 


latory  changes.  These  are  limited  to  moderate  decreases  in  the  cardiac  out¬ 
put,  minor  prolongation  of  the  circulation  time,  and  slight  falls  in  blood 
pressure.  In  general,  therefore,  it  would  appear  from  both  experimental  data 
and  clinical  observations  that  in  hypertonicity  ensuing  from  simple  dehy- 
dmtwn  col  apse  of  the  circulation  does  not  occur  with  any  regularity 
(  g.  --1).  this  is  111  all  probability  related  to  the  fact  that  extracellular  and 
plasma  volumes  are  relatively  well-maintained  at  the  expense  of  cell  water 
through  the  transfer  mechanisms  which  have  been  described  (la-h) 

In  contrast  to  these  occasional  and  minor  circulatory  changes  mental  con 
fusion  has  been  noted  with  considerable  regularity  in  indivyuaTwith  de- 
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hydration  hypertonicity.  It  has  been  described  in  subjects  undergoing  vol¬ 
untary  deprivation  of  water,  in  castaway  sailors  on  limited  water  supplies, 
as  well  as  in  patients  (2a-e).  In  a  sense  this  is  not  a  surprising  development 
since  the  cells  of  the  nervous  system  share  both  the  general  dehydration  and 
hypertonicity  and  are  among  the  first  tissues  to  show  functional  change 
when  metabolic  constituents  such  as  oxygen  and  glucose  are  not  available 
in  needed  amounts.  The  deleterious  effects  of  cell  dehydration  have  also 
been  observed  in  animals  treated  with  the  hypertonic  saline  (see  fig.  2-8). 
In  such  animals  the  respirations  cease  at  a  time  when  the  pulse  is  full  and 
bounding  and  the  circulation  well-maintained  (3).  Presumably  the  same 
events  occur  in  castaways  who  drink  and  retain  sea  water,  or  in  patients 
deprived  of  water  (4a).  With  respect  to  the  latter  the  observations  of  Broch 
are  of  particular  interest  :  hypertonicity  and  hypernatremia  developed  in 
patients  hospitalized  following  a  cerebral  vascular  accident,  but  treated 
with  less  than  adequate  amounts  of  water  (4b).  It  can  be  readily  seen  that 
respiratory  failure  in  this  category  of  patients  would  be  assumed  to  rep¬ 
resent  a  sequel  of  the  cerebral  lesion  whereas  it  might  well  be  related  to 
progressive  dehydration. 

II.  Salt  Depletion 

Recognition  of  sodium  deficits  in  patients  is  of  major  importance  in  view 
of  the  accompanying  physiologic  changes.  These  are  most  readily  described 
by  considering  those  experimental  and  clinical  situations  in  which  sodium 
is"  lost  without  significant  alteration  in  the  total  volume  of  body  water. 


A.  Experimental  and  Clinical  Examples  of  Salt  Depletion 

The  classic  experiments  of  Darrow  and  his  colleagues  serve  this  purpose 
well  (5a-c,  lc).  In  such  studies  a  solution  of  five  per  cent  glucose  in  vater 
is  introduced  into  the  peritoneal  cavity;  sampling  of  the  peritoneal  contents 
at  intervals  indicates  that  some  glucose  does  enter  the  body  fluids  but  that 
extracellular  electrolytes  also  move  much  more  rapidly  into  the  peritoneal 
cavity  Such  transfers  reflect  movements  of  solutes  in  accordance  w  it  i  ei 
specific  coefficients  of  diffusion  and  with  the  concentration  gradients  on  the 
two  sides  of  a  permeable  membrane.  The  net  effect  of  these  solute  exchanges 
is  a  depletion  of  extracellular  electrolytes  and  of  sodium  and  chloude  m 

particular  (fig.  7-2). 

B.  Hemodynamic  Effects  of  Salt  Depletion 

The  circulatory  changes  are  a  consequence  of  the  fact  that  the  dilteren- 
tia!  osmotic  pressure  of  extracellular  fluid  is  primarily  dependent  upon  so¬ 
dium  and  chloride.  The  quantitative  contribution  ol  the  lemaining  ca  10 
"  this  viewpoint,  less  significant.  Hence  any  process  which  reduces 
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Fig.  7-2.  Relation  of  Changes  in  Hemodynamics  to  Changes  in  Body 
Fluids  Immediately  Following  the  Onset  of  Salt  Depletion 

in  A  Dog 

The  removal  of  extracellular  electrolytes  reflected  in  the  hypochloremia  produced 
circulatory  collapse  characterized  by  a  drop  in  blood  pressure,  prolongation  of  circu¬ 
lation  time,  and  a  fall  in  cardiac  output.  This  was  associated  with  losses  of  extra¬ 
cellular  and  plasma  volumes  and  of  circulating  plasma  protein.  It  is  to  be  noted  that 
the  drop  in  cardiac  output  preceded  the  fall  in  plasma  volume.  (From  Elkinton  et  al 
(lc).) 


the  extracellular  sodium  and  chloride  will  necessarily  lower  the  osmotic 
pressure  in  this  compartment.  Such  a  drop  is  followed  in  turn  by  movements 
of  extracellular  water  into  the  cells.  The  latter  become  swollen  at  the  ex¬ 
pense  of  the  interstitial  and  plasma  water.  Furthermore,  this  abstraction 
of  sodium  is  promptly  followed  by  a  loss  of  circulating  plasma  protein  and 
of  albumin  in  particular  and  hence  a  further  decline  occurs  in  the  volume 
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Fig.  7-3.  Comparison  of  (A)  Percentile  Changes  in  Extracellular  Fluid 
Volume  with  Those  in  Plasma  Volume,  and  (B)  the  Difference 
between  These  Two  Values  and  the  Percentile  Loss  of 
Total  Circulating  Plasma  Protein 

Open  circles  represent  water  depletion.  Closed  figures  represent  salt  depletion. 
In  water  depletion,  the  fall  in  plasma  is  roughly  proportional  to  the  fall  in  extra¬ 
cellular  fluid  volume.  In  salt  depletion,  the  decrease  in  plasma  volume  exceeds  the 
decrease  in  the  volume  of  extracellular  fluid  (a).  Disproportionate  drops  in  plasma 
volume  correlate  well  with  loss  of  total  circulating  plasma  protein  (6).  (From 
Elkinton  et  at  (lc) .) 

C.  Dehydration  and  Salt  Depletion:  Experimental  and  Clinical 


In  contrast  to  the  above  illustrative  experiments  most  clinical  situations 
are  characterized  by  concurrent  losses  of  sodium  and  of  water,  though  not 
necessarily  in  the  proportion  in  which  they  exist  as  body  constituents  (Ga-f). 
There  is  no  evidence  however  that  the  superimposition  of  dehydration  upon 
salt  depletion  in  any  way  ameliorates  the  circulatory  effects  of  the  latter. 
As  n  matter  of  fact  the  combination  often  results  in  further  dcteiioiation 


sequence  of  events  is  shown  in  figure  7-.). 
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The  effect  of  solt-free  fluid  by:  hypodermoclysis  intravenous  infusion 
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Fig.  7-4.  Production  of  Shock  by  the  Subcutaneous  Injection  of 

Salt-Free  Fluid 

The  subcutaneous  administration  of  a  hypodermoclysis  of  2700  ml.  of  five  per  cent 
glucose  in  water  to  a  nondepleted  hospitalized  patient  produced  hypochloremia, 
hemoconcentration  and  diminished  plasma  volume,  hypotension  and  syncope  on 
rising  to  the  upright  position.  ri  hese  are  evidences  of  peripheral  vascular  collapse 
resulting  from  diffusion  of  extracellular  electrolyte  into  the  subcutaneous  pool  of 
glucose  and  water.  A  similar  solution  when  given  intravenously  into  the  same  subject 
on  a  later  date  produced  no  such  effects.  (From  Danowski,  Winkler,  and  Elkinton 


III.  Potassium  Deficiency:  Its  Origins  and  Manifestation 

In  clinical  usage  the  terms  hypokalemia  and  hypopotassemia  are  taken 
to  indicate  a  lowering  in  the  concentrations  of  this  ion  in  serum  or  plasma 
below  the  usual  range  present  in  health,  even  though  the  words  themselves 
to  levels  in  blood.  As  illustrated  in  chapter  4  the  lower  limits  of  these 
sets  of  values  are  3.3  milhequivalents  per  liter  in  growing  children  in  young 
adults  and  m  old  men  and  women  and  above  four  milliequivalents  per  liter 
newboru  infants  (8a).  The  fact  that  all  of  the  potassium  in  serum  is  ul- 
a  M  suggests  that  it  is  present  entirely  in  the  ionized  form  f81A 
Hence  lowered  serum  levels  of  this  electrolyte  can  be  t«u„  i  .  „  '  ' 

parable  changes  in  the  potassium  concentration  of  the  extracellular  'fin'd 
"  8  Wh0le’ ,  e-  1,1  the  in“al  ^  as  well  as  in  tlni  plltsince  simh 


180 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


Rx 

No.  expts. 

(meq/L) 

AECW 

(%  change) 


A 

Urea 

2 


+  20 


B  C 

Glucose  Saline 

7  10 


nn 


A  Plasma  Vol. 
{%  change) 


+  40  - 
+  20  - 

0- 


nm 


ACardiac  Index 
(L/min/m2) 


ACirc.  Time 
(seconds) 


(mm.  Hg) 


Fig  7-5.  Changes  in  Circulatory  Dynamics  following  Various  Types 
of  Treatment  of  Salt  Depletion  Shock  in  Dogs 
Each  column  represents  the  mean  value  for  the  number  of  experiments  indicate^ 
The  changes  shown  were  produced  in  animals  already  in  salt  depletion  shock.  In 
such  a  state,  restoration  of  concentration  alone  by  urea  ^ 

followed  by  prompt  recovery  from  the  shock  state.  (From  Elkmton  el  (.)•) 

lowered  levels  of  extracellular  potassium  may  be  present  without  any 
change  in  the  total  amount  of  extracellular  or  cellular  potassium  they  may 
reflect  transfers  of  potassium  into  cells  (8c),  or  they  may  point  to  losses 
cellular  and  extracellular  potassium. 

A.  Low  Serum  Potassium  Levels  with  Extracellular  and  Cellular  Potassium 

.^ministration  and  reten ^ 
dilute  the  extracellular  and  the  cellular  fluids  ot  the  Doay 
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not  present  in  such  solutions  the  levels  of  this  ion  will  decrease  in  cells  as 
well  as  in  the  extracellular  fluid.  Under  these  circumstances  hypokalemia 
may  appear  even  without  any  external  losses  of  this  ion  and  without  evi¬ 
dent  change  in  its  compartmental  distribution. 

Such  a  change  in  body  potassium  concentration  will  occur  in  those  pa¬ 
tients  in  whom  the  excretion  of  water  loads  is  defective,  i.e.,  in  patients  with 
oliguria  or  anuria  as  in  acute  tubular  damage  or  lower  nephron  nephrosis 
or,  to  a  transient  or  limited  extent,  in  those  patients  with  adrenocortical 
insufficiency,  cirrhosis  with  ascites,  or  congestive  heart  failure. 


B.  Low  Serum  Potassium  Levels  as  a  Result  of  Movements  of  Extracellular 
Potassium  into  Cells 


A  number  of  mechanisms  which  result  in  the  movement  of  potassium  into 
cells  have  been  recognized  (fig.  7-6).  Perhaps  the  most  fundamental  of  these 
is  the  incorporation  of  this  indispensable  ingredient  of  cells  during  the  pro¬ 
cesses  of  cell  growth  or  repair.  In  this  regard  substances  such  as  testosterone 
which  accelerate  protein  anabolism  have  been  shown  to  induce  these  trans¬ 
fers  (8d). 

Another  set  of  basic  processes  which  are  accompanied  by  transfers  of  po¬ 
tassium  into  cells  are  those  related  to  carbohydrate  metabolism.  It  has  been 
shown,  for  example,  that  the  utilization  of  sugar  by  blood  cells  or  by  tissue 
preparations  in  vitro  lowers  the  potassium  content  of  the  suspending  me¬ 
dium  (8e,  f)  (see  fig.  3-2).  I  he  disposal  of  exogenous  carbohydrate  fre¬ 
quently,  though  not  invariably,  lowers  the  extracellular  potassium  levels 
(Sg).  Ihis  is  attributable  in  part  to  the  deposition  of  potassium  with  glyco¬ 
gen  in  the  liver  (8h).  Insulin  given  intravenously  in  amounts  as  little  as  0.1 
unit  per  kilogram  of  body  weight  almost  invariably  lowers  the  serum  levels 
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of  potassium  (8i).  This  presumably  reflects  participation  of  this  ion  in  the 
phosphorylation  of  glucose  and  its  entry  into  cells. 

There  remains  a  series  of  miscellaneous  and  apparently  unrelated  cir¬ 
cumstances  in  which  hypokalemia  results  from  transfers  into  cells.  Thus 
progressive  dehydration  is  known  to  result  in  losses  of  cell  potassium  and 
hence  it  is  not  surprising  to  find  that  rehydration  reverses  this  trend  (8j). 
Alterations  in  the  pll  of  body  fluids  may  induce  potassium  shifts:  alkalosis 
removes  potassium  from  cells  whereas  acidosis  induces  transfers  into  cells 
(8k).  Finally,  in  familial  periodic  paralysis  the  extracellular  potassium  usu¬ 
ally  drops  prior  to  or  during  a  seizure  (see  fig.  1G-1).  Since  this  is  usually  not 
attributable  to  losses  of  the  ion  in  urine,  it  points  to  a  segregation  of  extra¬ 
cellular  potassium  in  cells  (81).  It  is  interesting  to  note,  in  view  of  the 
previous  comments  on  carbohydrate  metabolism  and  potassium  transfers, 
that  heavy  meals  or  insulin  or  glucose  administration  can  precipitate  such 
attacks  in  afflicted  individuals. 


C.  Deficits  of  Body  Potassium  as  a  Result  of  External  Losses 

Body  potassium,  both  extracellular  and  cellular,  can  be  lost  via  renal  as 
well  as  extrarenal  routes  (fig.  7-7). 

The  continued  or  increased  urinary  output  of  this  ion  in  patients  not  re¬ 
ceiving  adequate  maintenance  amounts  of  potassium  inevitably  results  in 


Fig.  7-7.  Etiology  of  Potassium  Deficits 

i  •  u  ,iit  in  transfers  of  cell  potassium  to  extracellular 
The  known  processes  which  result  _  j  environment  are  listed  in  the 

fluids  and  of  extracellular  potassium  to  the  external 


figure. 
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depletion.  It  has  been  suggested  that  this  reflects  an  inherent  inability  of 
the  kidney  to  conserve  this  ion  during  periods  of  potassium  deprivation 
(8m).  Recent  studies  in  animals  and  in  humans  indicate  that  in  health  more 
precise  renal  conservation  of  potassium  can  be  evoked  by  potassium-free 
regimens  (8m-p).  Hence  the  renal  losses  of  potassium  which  occur  with  gas¬ 
trointestinal  disease,  poliomyelitis,  and  a  host  of  other  diseases  are  mediated 
through  an  inadequacy  of  the  renal  conservation  response,  perhaps  as  a  con¬ 
sequence  of  changed  adrenocortical  activity. 

Increased  renal  losses  of  potassium  can  also  be  induced  by  ACTH  and 
adrenocortical  type  steroids,  by  mercurial  diuretics,  and  by  carbonic  anhy- 
drase  inhibitors.  They  are  known  to  occur  in  the  recovery  phase  of  some  pa¬ 
tients  with  lower  nephron  nephrosis  as  well  as  in  a  limited  number  of  pa¬ 
tients  with  chronic  renal  disease  (see  chap.  12).  In  the  last  of  these  two 
categories  the  mechanism  of  loss  may  well  be  related  to  an  undue  tubular 
secretion  of  this  ion  (8r). 

Extrarenal  losses  of  potassium  are  incurred  via  vomiting,  gastrointestinal 
drainage  or  lavage,  diarrhea,  cation  exchange  resins,  or  vivodialysis  (8q). 


D.  Reliability  of  Lowered  Concentrations  of  Serum  Potassium  as  an  Index  of 
Potassium  Depletion 

It  is  immediately  obvious  from  the  preceding  section  that  the  simple 
presence  of  lowered  plasma  or  serum  levels  of  potassium  does  not  establish 
the  existence  of  potassium  deficits  outside  or  inside  of  cells.  However,  if  di¬ 
lution  and  transfers  of  potassium  into  cells  can  be  excluded,  it  is  true  that 
the  small  portion  of  body  potassium  present  in  serum  or  plasma  often  re¬ 
flects  similar  changes  within  the  larger  pool  of  this  ion  in  cells  (8k).  Hence 

such  a  finding  should  arouse  a  high  index  of  suspicion  of  potassium  defi¬ 
ciency. 

On  the  other  hand  the  presence  of  normal  or  even  high  concentrations  of 
serum  potassium  do  not  exclude  this  possibility,  since  dehydration  will 
mask  such  deficits.  This  is  especially  clear  from  studies  in  infant  diarrhea 
anc  in  diabetic  coma  (8q).  Under  such  circumstances  the  understanding  of 
the  basic  Physiology  of  these  disorders  which  clearly  indicates  that  deficits 
are  incurred  should  take  precedence  over  the  absence  of  hypokalemia. 

E.  Biochemical  and  Physiologic  Changes  in  Potassium  Depletion 

Rather  regularly  deficits  of  extracellular  and  cellular  potassium  -ire  nn. 

teiTr'™^7  hypochloremia  and  alkalosis,  as  discussed  in  detail  in  chap- 
.  his  new  steady  state  represents  the  net  effect  of  an  undno  l  c 

the  tranfrS ‘nt°  ce,ls  or  b>'  excretion  vk 

significance  save  that  it  does  served  Zt  I 
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potassium  deficits.  In  this  regard  it  should  be  remembered  that  the  super¬ 
imposition  of  renal  failure  or  starvation  will  mitigate  or  replace  the  meta¬ 
bolic  alkalosis  with  a  metabolic  acidosis.  Tliis  occurs,  for  example,  in  the 
prolonged  vomiting  of  pyloric  stenosis. 

Deficits  of  cellular  potassium,  produced  by  a  number  of  means,  lead  to 
microscopic  necrosis  of  skeletal  and  cardiac  musculature  (8q)  and  pre¬ 
sumably  interfere  with  cell  integrity  and  function.  These  may  well  be  the 
most  important  deleterious  effects  of  potassium  depletion  since  they  are 
crucial  determinants  of  survival  or  recovery.  Experimental  animals  and  pa¬ 
tients  with  hypokalemia  may  develop  electrocardiographic  alterations  con¬ 
sisting  of  various  degrees  of  T  wave  depression  and  the  so-called  Q-T 
prolongation,  shown  in  figure  7-8,  as  well  as  muscular  paralysis  or  para¬ 
lytic  ileus  (8s).  The  studies  of  Surawicz  and  Lepeschkin  indicate  that  the 
widespread  belief  that  Q-T  is  prolonged  is  erroneous,  arising  from  a  con¬ 
fusion  of  the  T  and  U  wave  or  from  other  factors  (8t)  (see  also  fig.  15-12). 

The  above  findings  are  not  invariable  concomitants  of  lowr  potassium 
levels  in  plasma  and  hence  serve  to  emphasize  the  incompleteness  of  our 
knowledge.  Are  the  symptoms  and  signs  which  develop  in  such  patients 
correlated  with  the  levels  of  either  extracellular  or  cellular  potassium  alone? 
Is  the  ratio  of  the  two  the  determining  factor?  Does  the  ionization  of  cell 
potassium  play  a  role?  What  about  the  associated  electrolyte  disorders  that 
are  frequently  present  in  these  patients,  or  of  the  medications  which  are 
given?  In  regard  to  the  last  two  of  these  it  is  important  to  note  that  hypo¬ 
kalemia  and  hypocalcemia  tend  to  mask  one  another  symptomatically 
(8u  v),  and  that  hypokalemia  evokes  the  toxic  manifestations  of  digitalis 
in  patients  in  whom  the  maintenance  dosage  had  previously  been  adequate 
(8w  x).  These  observations  point  up  the  need  for  precise  observations  which 
will  explain  the  variable  incidence  of  physiologic  changes  with  comparable 

degrees  of  hypokalemia. 
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F.  Exchanges  of  Sodium  for  Cell  Potassium  in  Potassium  Depletion 

As  indicated  in  earlier  chapters,  a  small  portion  of  sodium  is  present  in 
the  cells  of  various  tissues.  Evidence  lor  this  rests  upon  individual  tissue 
analyses  and  upon  studies  of  the  volume  of  distribution  in  the  intact  oi- 
ganism  of  the  isotopes  of  sodium  as  described  in  chapter  3.  the  diffeiential 
distribution  of  sodium  and  potassium  has  already  been  discussed  and  ap¬ 
pears  to  depend  upon  the  active  transport  of  sodium  out  of  cells  by  energy 
obtained  from  cellular  metabolism  (see  fig.  1-10).  This  must  be  a  constant 
pumping  out  process  in  a  dynamic  equilibrium  which  becomes  disturbed  in 
many  disease  states,  since  much  evidence  has  accumulated  to  indicate  that 
large  changes  in  this  portion  of  body  sodium  occur.  Transfers  of  intracellular 
sodium  sometimes  bear  a  reciprocal  relation  to  those  of  cellular  potassium 
(8c);  at  other  times,  the  movements  of  these  two  intracellular  cations  ap¬ 
pear  to  be  quite  independent  of  each  other  (fig.  7-9).  Reciprocal  exchanges 
of  sodium  and  potassium  were  early  described  by  Bunge  (8y)  and  have  been 
elaborated  upon  by  Gamble  (8z);  an  experimental  example  of  the  phe¬ 
nomenon  is  shown  in  figure  7-10.  Clinical  examples  are  to  be  found  in 
figures  3-15,  11-9,  and  22-1. 
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Fig.  7-10.  Reciprocal  Loss  of  Potassium  Following  the  Experimental  Injec¬ 
tion  of  Hypertonic,  but  not  Isotonic,  Sodium  Chloride  Solution 
Effects  are  shown  on  the  serum  sodium  concentration  (Na.)  and  on  the  balance  of 
potassium  in  excess  of  nitrogen  (bK'),  ns  observed  in  a  dog  on  a  constant  meat  diet 
and  in  nitrogen  and  potassium  equilibrium  prior  to  the  salt  infusion.  (From  the  data 

of  Elkinton  and  Winkler  (8j).) 

IV.  The  Applications  of  Principles  of  Water  and  Electrolyte 
Replacement  to  Problems  in  Clinical  Practice 

This  subject  will  be  discussed  in  great  detail  in  the  last  four  chapters  of 
this  book.  The  material  that  follows  represents  an  attempt  at  orientation  in 
terms  of  general  principles  rather  than  specific  procedures. 

Several  practical  questions  immediately  arise  in  attempts  to  reconstitute 
the  concentrations  and  the  total  amounts  of  these  various  components  m 
eells  lnd  in  the  surrounding  fluid.  The  first  two  of  these  relate  to  the  quali¬ 
tative  and  quantitative  aspects  of  the  problem:  “which  substances  shouW 

vdi^do^iot  have  adequate  laboratory  faciUt^^wnUtf  m^^ofthMe  ttfeido. 

Several  facts  contribute  to  these  hmitations.  ,  clinicai 

The  most  important  of  these  »  rela^0  ^"“^ratio.B  may  bo 
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volume.  Abstraction  of  sodium  in  limited  amounts,  on  the  other  hand,  re- 
sults  initially  in  a  greater  flow  of  urine  from  which  most  or  all  of  the  filtered 
sodium  has  been  removed.  The  net  effect  of  either  of  these  adjustments  is 
to  restore  or  to  maintain  concentrations  at  normal  levels  at  the  expense  of 
the  body  stores  of  the  particular  constituent  under  consideration.  It  is 
readily  evident,  therefore,  that  the  mere  presence  of  normal  levels  of  body 
solutes  or  water  does  not  guarantee  intact  total  amounts.  Moreover,  it  is 
even  possible  to  be  misled  by  elevated  concentrations  into  thinking  that 
body  supplies  are  increased  whereas  a  deficiency  is  actually  present.  This 
can  be  most  clearly  illustrated  by  citing  the  fact  that  in  infantile  diarrhea 
and  in  diabetic  coma,  two  conditions  in  which  careful  studies  have  estab¬ 
lished  the  invariable  occurrence  of  negative  potassium  balances,  the  serum 
potassium  levels  are  frequently  high.  This  is  attributable  in  part  to  the 
proportionately  greater  losses  of  extracellular  water  than  of  extracellular 
potassium  and  in  part  to  transfers  of  potassium  from  cells  to  the  extracellu¬ 
lar  fluid.  Yet,  despite  the  high  serum  potassium  values,  the  total  stores  of 
this  electrolyte  have  been  diminished  by  the  disease  processes. 

However,  for  practical  purposes  it  should  be  pointed  out  that  levels  may 
provide  valuable  clues  in  determining  therapy.  Thus  as  a  general  rule,  one 
can  state  that  when  depletion  is  present  it  is  less  extensive  if  the  levels 
are  unchanged  than  if  they  are  lowered  or  raised.  Either  of  the  latter 
alterations  indicate  that  the  initial  adjustments  which  maintain  concen¬ 
trations  at  the  expense  of  volume  or  total  amounts  are  either  no  longer 
operative,  undesirable,  or  inadequate.  This  fact  in  turn  suggests  that  quan¬ 
titatively  a  much  greater  degree  of  depletion  is  present. 

Having  pointed  out  the  limitations  and  the  usefulness  of  laboratory 
analyses  when  such  are  available,  we  are  still  left  with  the  need  for  a  critical 
evaluation  of  the  pretreatment  status  of  the  depleted  patient.  Irrespective 
of  the  laboratory  data  this  can  be  best  done  by:  a)  careful  review  of  the 
history,  b)  attention  to  the  physical  findings,  and  c)  reliance  upon  past 
experiences  with  regard  to  the  particular  disease  entity  under  scrutiny. 
Ihus  a  story  of  total  deprivation  irrespective  of  whether  it  is  mediated 
through  neglect,  or  results  from  coma,  etc.  is  sufficient  evidence  that  dehy¬ 
dration  has  occurred.  Inevitably  negative  balances  of  nitrogen  and  of  potas¬ 
sium  must  have  been  incurred.  If  fever  and  sweating  have  been  present 
electrolytes  have  surely  been  lost  through  the  skin.  Similarly,  vomiting’ 
gastrointestinal  drainage,  or  diarrhea  would  have  augmented  the  losses  of 
water,  nitrogen,  and  electrolytes  from  the  body.  In  special  circumstances 
additional  losses  may  have  resulted  from  inadequate  renal  conservation  of 
components  of  the  glomerular  filtrate.  Hence  knowledge  of  any  of  those 
con  n  mtory  factors  is  indispensable  for  adequate  estimation  of  the  patient’s 
needs.  Warnings  should  be  interposed:  a)  histories  vary  in  their  usefulness 
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even  when  reliable,  since  patients  usually  have  no  ready  way  of  quantitat¬ 
ing  even  obvious  losses  in  vomitus,  etc.,  b)  interpretation  will  be  especially 
difficult  if  the  patient  has  attempted  to  retain  ingested  food  or  fluid. 
Quantitation  in  these  situations  will  be  materially  aided  by  physical  appear¬ 
ances  and  especially  by  a  knowledge  of  the  body  weight  before  illness 
compared  with  that  obtained  at  the  time  therapy  is  started.  Retracing  of 
antecedent  events  usually  will  be  simplified  substantially  if  the  deprivation 
or  depletion  has  occurred  in  a  hospitalized  patient.  In  that  case  the  charac¬ 
ter  of  the  fluids  prescribed,  nurses’  notes  concerning  the  patient,  and  the 
more  objective  data  such  as  body  weight  changes  and  relative  magnitudes 
of  the  intake  and  output  should  greatly  facilitate  the  evaluation.  Therapy 
is  then  designed  in  accordance  with  these  facts  and  its  effect  determined 
by  serial  laboratory  observations. 


V.  Treatment  of  Dehydration 


Every  attempt  should  be  made  to  prevent  dehydration.  In  a  sense  this 
can  be  spoken  of  as  prophylactic  therapy.  The  problem  of  prescribing 
adequate  fluids  to  prevent  dehydration  is  encountered  in  any  patient  with 
symptoms  which  interfere  with  an  adequate  oral  intake.  From  the  discus¬ 
sions  in  the  preceding  chapters  it  is  evident  that  under  such  circumstances 
the  chief  need  is  for  water  to  replace  insensible  losses  through  the  skin  and 
lungs.  As  has  been  mentioned  earlier,  this  can  exceed  1000  cc.  per  day  in 


viduals  w 


350  millili 

I 


EFFECTS  AND  THERAPY  OF  DEFICITS 


189 


reasonable  to  suggest  the  following  prescription  for  fluids  for  any  adult 
previously  well  hydrated  but  currently  incapable  of  an  adequate  oral 

intake : 

J\:  Water  which  contains  glucose  in  10%  concentrations,  but  no 
OTHER  SOLUTES— 1500  CC.  TOGETHER  WITH  200-300  CC.  OF  0.9%  SALINE  TO 
BE  GIVEN  INTRAVENOUSLY,  DIVIDED  INTO  TWO  DOSES. 

Obviously,  if  deficits  of  body  water  have  already  developed  this  volume 
will  only  serve  to  prevent  further  dehydration.  Additional  glucose  solution 
must  be  given  to  make  up  pre-existing  deficits  of  body  water.  Ordinarily 
it  is  undesirable  to  prescribe  more  than  three  liters  during  each  24-hour 
period. 

It  may  be  well  to  mention  at  this  point  the  possible  advantages  of  using 
invert  sugar,  i.e.,  equal  parts  of  fructose  (levulose)  and  glucose,  rather  than 
glucose  alone.  It  has  been  shown  that  the  loss  of  sugar  in  urfne  with  such 
mixtures  is  greatly  reduced  below  those  characteristically  present  with 
glucose  solutions,  even  though  high  infusion  rates  are  employed  in  adminis¬ 
tering  the  former.  This  desirable  feature  is  attributable  in  part  to  the  more 
rapid  phosphorylation  and  glycogenation  of  the  levulose  and  the  accel¬ 
erating  effect  of  the  latter  sugar  on  the  catabolism  of  glucose.  Also  the  tubu¬ 
lar  reabsorption  of  the  individual  sugars  is  nonadditive  and  hence  spillage 
does  not  occur  (lOa-d). 


VI.  Treatment  of  Sodium  and  Chloride  Deficits 

In  patients  who  have  developed  deficits  of  body  sodium  treatment  should 
be  directed  toward:  a)  the  interruption  of  the  processes  responsible  for  the 
depletion,  b)  the  cancellation  of  the  incurred  deficits,  and  c)  the  provision 
of  the  daily  needs. 

It  is  obvious  that  success  in  achieving  the  first  of  these  goals  will  depend 
upon  the  disease  process.  Thus  it  often  is  easy  to  interrupt  gastrointestinal 
obstruction,  to  eliminate  the  excessive  use  of  mercurial  diuretics,  to  stop 
sodium  losses  in  diabetic  coma,  or  to  replace  the  salt-retaining  steroids 
which  are  lacking  in  adrenocortical  insufficiency.  On  the  other  hand  it  is 
impossible  to  exert  any  immediate  influence  upon  the  sodium  wastage  of 
renal  tubular  disease.  It  is  immediately  apparent  that  the  degree  to  which 
causative  factors  leading  to  sodium  and  to  chloride  depletion  can  be  elim¬ 
inated  will  influence  the  volume  and  the  composition  of  fluid  therapy. 

the  cancellation  of  the  incurred  deficits  necessitates  the  administration 
of  sodium  and  chloride  solutions.  Studies  in  animals  indicate  that  the 
prompt  replacement  of  these  ions  restores  circulatory  efficiency  in  great 
measure  (figure  7-11),  though  not  entirely  (11a).  The  latter  is  true  even 
W  Gn  the  entire  deficit  1S  made  UP>  and  reflects  a  small  degree  of  residual 
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Fig  7-11  Summary  of  the  Mean  Effects  of  Treatment  with  Glucose, 
Saline,  and  Colloidal  Solution  on  the  Circulatory  Failure  of 

Sodium-Depleted  Dogs 

Although  all  solutions  produced  some  expansion  of  the  plasma  volume,  only  saline 
and  colloids  really  restored  the  cardiac  output.  (From  data  of  Winkler,  Danouski, 

and  Elkinton  (lib).) 

circulatory  inefficiency  which  ultimately  proves  transient  Evidence  is 
available  indicating  that  the  administration  of  colloidal  solutions  such  as 
albumin  or  gelatin,  concomitantly  with  the  sodium  chloride  increases  the 
degree  of  circulatory  improvement  (lib).  Thus,  small  amounts  of  saline 
or  of  salt-free  colloid  are  relatively  ineffective  in  correcting  salt  depletion 
shock  On  the  other  hand  distinct  improvement  occurs  when  these  same 
amounts  of  saline  and  salt-free  colloids  are  given  together  This  is  dearly 
•  i  ,  f  fintq  in  figure  7-12.  These  data,  and  the  finding  that 

^cuTa  ilg  protin  diLppeam  during  salt  depletion  (5d),  indicate  that 

plasma,  or  other  forms  of  colloid  should  he  given  in  conjunction  with  salt 

of  the  occurrence  of  sal^deplet  1011^ chabctic^coma^Addi- 

son’s  disease,  vomiting,  and  diarrhea  1 .  •  .  administration  of 
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Fig.  7-12.  Effects  of  Treatment  of  Salt  Depletion  Shock  with 
Solutions  of  Saline  and  of  Colloid 

Salt  depletion  was  induced  between  the  first  and  second  points  (0  and  3  to  5  hours) . 
Immediately  after  the  second  point  an  infusion  of  one  of  the  solutions  indicated  at 
the  top  of  the  chart  was  administered.  It  is  obvious  that  the  combination  of  a  small 
amount  of  saline  and  of  colloid  (column  4)  produced  circulatory  improvement  in  the 
cardiac  index  (cardiac  output  in  liters/minute/square  meter)  not  seen  with  either 
above  (columns  2  and  3).  This  points  to  an  additive  effect  of  saline  and  of  colloid  in 
the  restoration  of  the  circulatory  collapse  produced  by  sodium  depletion.  (From 
Winkler  et  al  (lib).) 


has  contributed  to  the  improvement  in  the  mortality  figures.  Even  though 
noncolloid  solutions  may  at  times  suffice,  experimental  and  clinical  data 
indicate  that  the  use  of  plasma  volume  expanders  provides  a  needed  margin 
of  safety.  Usually  0.9  per  cent  saline  is  used  in  treating  salt  depletion;  it 
is  admnnstered  in  quantities  sufficient  to  restore  the  concentrations  and 

«  SOd,Um  and  Chl0ride  t0  la  serious  clinical 

■situations  two  to  five  per  cent,  i.e.,  hypertonic  saline  solutions  may  be 

employed.  It  should  he  remembered  that  experience  with  these  more  con¬ 
centrated  solutions  is  limited  and  particular  care  must  be  taken  to  avoid 


192 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


overtreatment  and  hypertonicity.  Finally,  in  patients  with  limitations  of 
kidney  function  it  may  prove  necessary  to  use  preparations  which  contain 
less  chloride  than  sodium,  i.  e.,  of  the  type  of  Ringer’s  lactate,  to  prevent 
hyperchloremic  acidosis. 

Insofar  as  the  daily  needs  for  sodium  chloride  are  concerned,  our  previous 
discussions  of  the  body  regulatory  mechanisms  in  chapter  5  have  indicated 
that  there  are  none,  provided  adrenocortical  function  is  adequate  and  extra- 
renal  losses  of  sodium  and  chloride  do  not  occur  via  the  skin,  gastrointestinal 
tract,  etc.  A  small  amount  of  salt,  i.e.,  several  grams,  can  be  given  as  a 
margin  of  safety  when  water  intake  is  adequate  in  patients  without  edema 
and  with  good  renal  function.  Larger  amounts  should  be  given  only  when 
deficits  are  to  be  replaced,  when  extrarenal  losses  are  large,  or  when 
renal  sodium  conservation  is  inadequate.  Otherwise  the  high  renal  solute 
load  may  further  aggravate  the  dehydration  (2c). 


VII.  Treatment  of  Potassium  Deficits 

It  has  already  been  pointed  out  that  deficits  of  potassium  in  diarrhea, 
diabetic  coma,  renal  disease,  etc.,  can  be  masked  by  dehydration  which 
converts  the  expected  hypokalemia  to  normal  or  elevated  levels  of  potas¬ 
sium.  However,  as  replacement  with  potassium-free  fluids  is  instituted,  the 
patients  show  a  drop  in  potassium  levels  which  may  reach  abnormally  low 
concentrations.  Some  of  them  will  show  the  weakness,  paralysis,  and  elec- 
trocardiographic  changes  which  may  occur  with  hypokalemia.  F  rom  the 
viewpoint  of  survival  these  are  of  far  less  importance  than  the  simultane¬ 
ously  present  deficiencies  of  cell  potassium.  Function  and  morphology  ar 
adversely  affected  and  death  may  result  from  potassium  depletion  even 
thornrh  the  therapy  in  every  other  respect  has  been  adequate. 

The  classification  of  hypokalemia  into  the  three  categories  presented  in 
selon  U  f  th  s  chapter  simplifies  the  prophylactic  and  therapeutic  ap¬ 
proach.  Dilution  hypokalemia  is  to  be  avoided  in  oligunc  pa  .ents  by 

upon  gradual  replenishment  from  ^  “eatment  as  possible  with 
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studies  indicate  that  as  much  as  two  hundred  to  four  hundred  milliequiv- 
alents  of  potassium  may  be  retained  during  recovery  (12a,  b).  It  should  be 
kept  in  mind  that  with  the  resumption  of  a  general  diet  the  potassium 
will  be  present  in  the  food  and  supplementation  is  usually  not  necessary. 
Examples  of  potassium  therapy  are  shown  in  figures  3-15,  11-9,  15-8,  15-9, 
16-1,  and  22-1. 

VIII.  Deficits  of  Other  Body  Constituents 

The  emphasis  upon  the  water,  sodium,  and  potassium  changes  in  this 
chapter  should  not  be  taken  to  mean  that  other  important  deficits  are  not 
present.  Our  knowledge  concerning  other  body  fluid  constituents  is  accu¬ 
mulating  gradually  and  rational  programs  in  the  future  will  have  to  provide 
for  deficiencies  of  such  components.  Thus  phosphate  is  already  included 
in  the  therapy  of  conditions  in  which  deficits  of  this  element  develop.  On 
similar  or  on  more  precise  grounds  calcium,  magnesium  and  other  electro¬ 
lytes  may  have  to  be  supplied. 


Summary:  The  incurrence  of  deficits  of  body  water  in  disease  states 
without  accompanying  losses  of  electrolytes  produces  an  increase  in  the 
concentration  of  solutes,  disturbances  in  central  nervous  system  function, 
and  some  deterioration  of  circulatory  efficiency.  On  the  other  hand  losses 
of  sodium  without  proportionate  deficits  of  water  result  in  a  decrease  in 
solute  concentration  and  in  circulatory  collapse.  Potassium  deficits  produce 
variable  alterations  in  the  electrocardiogram,  in  muscle  strength,  in  gastro¬ 
intestinal  motility,  and  in  the  morphologic  integrity  of  cardiac  and  skeletal 
musculature.  These  physiologic  effects  of  deficits  of  water  and  the  chief 
electrolytes  make  replacement  imperative. 
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Chapter  8 

COMMON  DENOMINATORS  IN  DISEASE  STATES 
RESULTING  IN  AN  EXCESS  OF  WATER  OR 
ELECTROLYTES  AND  THEIR  PHYSIOLOGIC 
SIGNIFICANCE 


In  earlier  chapters  it  has  been  indicated  that,  despite  wide  variations  in  in¬ 
take  regulatory  mechanisms  maintain  water,  sodium,  chloride  and  potas¬ 
sium  within  definite  limits  with  respect  to  concentrations  and  total  amounts 
in  the  various  compartments.  It  naturally  follows  that  these  constituents 
can  become  overabundant  only  when  the  intake  or  input  into  the  body  01 
into  its  particular  compartments  exceeds  the  capacities  of  the  regulatory 
mechanisms  or  when  these  mechanisms  no  longer  operate  normally. 

The  resultant  alterations  in  any  one  of  the  components  of  the  body 
fluids  may  or  may  not  be  accompanied  by  changes  in  the  others.  Hence  m 
the  parjraphT  which  follow  excesses  of  body  water  will  be  discussed  as 
hev  occur  in  subjects  with  normal,  decreased,  or  increased  sodium  and 
chloride  stores.  Subsequently,  excesses  of  sodium  or  of  potassium  p.ese 
in  patients  with  intact,  increased  or  decreased  total  body  water  will  be 

described. 

Excesses  of  Water  in  Subjects  with  Essentially  Intact  Regulatory 

Mechanisms 

in.  ~1  -  — «  TT  S2K3S2 

take  enough  water  by  mouth  to  pmi  uce  .  .  j  excrete  water  as 

ance  of  water.  Following  a it* mrtdag  period  the  of  water. 

fast  as  the  surfeit  limits  \u  P  . .  is  raised  as  it  is  in  some  mentally 

-as  saar-as  -- — 
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infusion  of  fluids  at  rates  in  excess  of  maximal  renal  water  output,  i.e., 
higher  than  13  cc.  per  minute  (la).  This  particular  inadvertence  has  been 
reported  (lb,  c).  It  is  of  interest  that  in  animal  studies  the  resultant  massive 
diuresis  sweeps  out  small  amounts  of  electrolyte  and  that  this  becomes 
manifest  by  a  net  loss  of  weight  with  little  change  in  electrolyte  levels. 


II.  W  ater  Excesses  in  Disease  States 

A.  Water  Intoxication  with  Electrolytes  Intact 

Any  process  which  interferes  with  the  normal  participation  of  the  kidneys 
in  the  disposal  of  such  extra  water  loads  may,  if  the  intake  is  more  than 
adequate,  result  in  water  retention.  This  is  encountered  most  often  in  pa¬ 
tients  with  oliguria  or  anuria,  due  to  acute  tubular  necrosis.  Under  such 
circumstances  aqueous  solutions  of  glucose  are  too  often  infused  in  the  hope 
of  inducing  a  renal  output.  If  such  water  loads  exceed  the  body  output  of 
water  via  insensible  perspiration,  a  net  gain  in  total  water,  cellular  and 
extracellular,  results  since  water  freely  traverses  the  cell  boundary  in 
response  to  changes  in  osmotic  pressure.  This  dilutes  the  concentration  of 
sodium  and  potassium  both  inside  and  outside  of  cells  (see  figs.  12-5  and 
12-6).  Under  such  circumstances  a  condition  of  water  intoxication  develops, 
with  body  solute  stores  essentially  intact.  Such  excesses  of  water  can  pro¬ 
duce  abdominal  and  calf  cramps  and  may  produce  convulsions  ( 1  d— j ) ,  but 
do  not  particularly  affect  the  circulation  (fig.  8-1). 

Excesses  of  water  develop  however  far  more  often  in  conjunction  with 
decreased  or  increased  stores  and  levels  of  sodium  and  chloride. 


B.  Water  Excess  in  Combination  with  Electrolyte  Depletion 

It  has  been  pointed  out  in  chapter  6  that  a  number  of  clinical  situations 
can  result  in  deficits  of  the  chief  extracellular  electrolytes.  Thus  losses  in 
vomitus,  diarrheal  stools,  gastrointestinal  drainage,  sweat,  or  urine  in  the 
absence  of  adequate  replacement  via  intake  or  input  inevitably  result  in 
depletion  of  extracellular  electrolytes.  If  such  negative  balances  are  not 
recognized,  replacement  fluids  by  mouth  or  via  needle  are  apt  to  consist  of 
aqueous  solutions  of  glucose.  If  the  net  effect  of  such  infusions  maintains 
body  water  volume  within  normal  limits,  the  patient  is  in  a  state  of  “pure” 
sodium  and  chloride  depletion.  If,  however,  the  glucose  solutions  produce 
a  net  gain  of  water,  a  double  distortion  of  body  fluids  develops  as  water 
excess  or  water  intoxication  is  superimposed  upon  salt  depletion  This 
means,  of  course,  that  the  hypotonicity  which  characterizes  pure  salt  deple 
t,on  is  further  increased.  These  types  of  water  excess  are  eneounterVd  in 
patients  with  upper  gastrointestinal  obstruction,  diabetic  acidosis  salt 
wasting  renal  disease,  adrenocortical  deficiency  or  any  disorder  in  whTch 
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Procedure 
No  expts. 

(meq/L) 

A  ECW 

(%  change) 

APIasma  Vol. 
(%  change) 


A  Cardiac  Index 
(L/min/m2) 


A  Circ.  Time 
(seconds) 


Water 

Excess 

3 

+  20-i 

o' 

-  20' 

+  20 
0 

-  20 
+  20 

0 

-  20 
-  40- 

+  2.00-j 
0- 

-  2.00- 


A  Mean  Art.  Bl.  P 
(mm  Hg) 


0- 

-  20 
-40 


F.g  8-1.  Changes  in  Circulatory  Dynamics  in  IIypotonicty  Produced 

by  Excesses  of  Body  Water 

Each  column  represents  the  mean  value 

The  changes  shown  were  produced  in  am  glucose  in  water 

r,Ht?e  ■  Jisrss 

body  fluid  losses  are  replaced  by  solutions  which  do  not  contain  the  needed 

SS»^r=SSS3! 

(2a).  Though  such  animals 

2:  ™  • ln 

clinical  situations  the  same  risks  exist. 

c.  Excess  of  Water  and  of  Extracellular  Electrolytes 

r  r  ond  chloride  develop,  the  tonicity  of  body 
sufficient  water  is  retained  tor  this  purpose; 


COMMON  DENOMINATORS  RESULTING  IN  EXCESSES 


201 


additional  water  produces  hypotonicity  and  less  results  in  hypertonicity. 
The  detailed  factors  which  lead  to  such  alterations,  the  disease  entities  in 
which  they  occur  and  their  effects  are  discussed  in  later  sections  and  chap¬ 
ters.  At  this  point  the  net  results  of  excessive  body  water  can  be  summarized 
by  saying  that  such  increments  always  lower  the  tonicity  of  body  fluids. 
Thus  hypotonicity  is  produced  in  subjects  with  intact  salt  stores ,  and  aggra¬ 
vated  in  patients  with  salt  depletion ;  water  retention  reduces  the  tonicity  of 
patients  with  excessive  sodium  and  chloride  stores  toward,  to,  or  below 
normal.  Again  it  should  be  emphasized  that  an  identical  change  in  osmolar 
concentration,  i.e.,  relative  or  absolute  hypotonicity,  must  develop  in  both 
the  cellular  and  extracellular  compartments.  Whether  or  not  such  changes 
prove  beneficial  depends  in  the  last  analysis  upon  whether  the  composition 
and  volume  of  body  fluids  are  thereby  restored  to  normal  or  further  dis¬ 
torted. 


III.  Excesses  of  Sodium  and  Chloride  in  Subjects  with  Intact 

Regulatory  Mechanisms 

A.  Physiologic  “ Excess ”  of  Sodium  and  Chloride  in  Health 

The  ease  with  which  sodium  retention  occurs  even  in  healthy  individuals 
is  to  be  contrasted  with  the  difficulty  of  producing  water  excesses  in  the 
same  group  of  subjects.  As  a  matter  of  fact,  it  might  even  be  justifiable  to 
look  upon  the  sodium  and  chloride  stores  as  being,  in  a  sense,  somewhat  in 
excess  under  normal  circumstances.  This  view  is  supported  in  part  by  rec¬ 
ollection  of  the  fact  that  the  sodium  excretion  occurring  during  any  par¬ 
ticular  day  represents  the  excessive  intake  of  the  antecedent  day  or  days, 
and  that  perhaps  the  true  baseline  with  respect  to  the  fundamental  or  es¬ 
sential  sodium  and  chloride  stores  is  that  which  develops  after  rigid  sodium 
and  chloride  restriction  has  been  imposed.  Irrespective  of  whether  one  does 
or  does  not  subscribe  to  such  a  view,  the  fact  remains  that  ordinary  diets 
contain  sodium  and  chloride  in  amounts  larger  than  are  necessary  for  ordi¬ 
nary  maintenance  purposes. 

This  large  intake  of  these  two  ions  can  quickly  produce  retention  as  a 

result  of  interference  with  the  renal-adrenocortical-pituitary-hypothalamic 

facilitation  of  sodium  and  water  output.  Thus  in  many  healthy  women 
he  alterations  m  the  exchanges  of  sodium  and  water  under  the  presumed 
influence  of  adrenocortical  type  steroids  during  the  menstrual  cycle  are 
enough  to  produce  clinically  evident  edema.  The  same  sequence  of  events 
ay  occur  as  a  result  of  certain  combinations  of  intake  and  posture  (2b). 

IV.  Sodium  and  Chloride  Excesses  and  Edema  in  Disease  States 

jTt'T68865  °r  fact0rS  "'hich  invoIve  the  kWney,  the  adrenal  cortex 

-  s-rrjrss  -=s 
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A.  Salt  Retention  and  Edema  in  Renal  Disease ,  Congestive  Failure,  Cirrhosis 
and  Toxemia 


The  commonest  causes  of  salt  retention  are  those  related  to  organic  or 
functional  impairment  of  the  kidneys.  Thus  it  has  long  been  recognized 
that,  as  a  group,  patients  with  renal  disease  are  apt  to  retain  sodium  and,  in 
turn  chloride  and  water,  and  thereby  develop  edema.  This  is  true  in  the 
acute,  subacute  or  chronic  forms,  though  one  must  hasten  to  add  that 
edema  need  not  be  present  in  one  or  all  these  phases.  When  edema  does 
develop,  it  reflects  a  diminished  renal  excretory  capacity  which  is,  directly 
or  indirectly,  related  to  the  nephritic  component.  The  phrase  “directly  or 
indirectly”  is  used  to  emphasize  the  fact  that  in  acute  nephritis  congestive 
heart  failure  may  play  a  role  in  sodium  retention  apart  irom  any  specific 
kidney  disease.  These  and  other  pertinent  renal  aspects  of  sodium  and 
water  metabolism  involving  the  renal  excretory  apparatus  are  discussed  in 


Congestive  heart  failure  of  any  type  is  associated  with  a  diminished 
abilitv  to  excrete  sodium.  This  fact  has  been  known  for  at  least  50  years 
(2c)  It  is  the  basis  for  many  of  the  clinical  manifestations  in  this  entity 
and  provides  the  basic  rationale  for  a  number  of  treatment  programs.  Since 
‘the  subject  is  covered  in  detail  in  chapter  13,  at  this  point  it  is  sufficient  to 
state  that  the  retention  of  sodium  is  usually  associated  with  diminished 
glomerular  filtration,  increased  tubular  reabsorption,  or  both. 

Similar  incapacity  to  dispose  of  extra  salt  is  encountered  in  patients  with 
cirrhosis  and  ascites  (chapter  14)  and  in  toxemia  of  pregnancy  In  some  of 
these  patients  evidence  is  available  indicating  that  glomerulo-tubular  im- 

h^rTpracttcally  all  these  clinical  conditions  the  possible  participation  of 

results  from  an  intake  m  excess  of  exemfon Since  sodium 
sodium  and  chloride  are  accompanied  >3  ‘  rtion  of  the  body 

and  chloride  are  predominantly  extracellulai  ons,  ^  ^  Initklly> 

fluid  expands.  Some  sodium  ant  ^  water  tend  to  occur  chiefly 

however,  such  retentions  o  s  >  >  ’  }  ■  j  tl iese  constituents  are 

in  the  extracellular  space  m  he  view  of 

normally  present  in  bod*  duces  an  increase  in  body  weight, 

"sffin  Is  swelling,  accumulations  of  fluid  in  body 

cavities,  dyspnea,  and  orthopnea. 
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B.  Edema:  the  Broad  View 

Discussion  of  positive  salt  balances  in  clinical  situations  inevitably 
necessitates  particular  attention  to  the  state  of  the  body  water  stores.  This 
can  be  illustrated  by  referring  to  patients  who  receive  sodium  in  excess  of 
their  excretory  ability,  together  with  varying  amounts  of  water.  If  the  con¬ 
comitant  input  of  water  is  just  sufficient  to  maintain  water  levels  intact  by 
replacing  insensible  and  other  losses,  hypertonicity  develops  because  the 
total  amount  of  sodium  and  then  of  chloride  has  been  raised  without  a  pro¬ 
portionate  increase  in  water.  In  hypertonicity  of  this  type,  as  in  the  hyper¬ 
tonicity  of  dehydration  described  in  chapter  6,  mental  confusion  and  dis¬ 
turbed  judgment  also  appear.  This  is  presumably  a  manifestation  of 
dehydration  of  the  central  nervous  system  occurring  in  the  presence  of 
a  hypertonic  extracellular  edema  (2d-f). 

On  the  other  hand,  if  water  is  given  in  excess  of  replacement  needs  and  is 
retained  along  with  the  sodium  and  chloride,  an  expansion  of  both  the  salt 
and  water  stores  will  occur  with  resultant  edema. 

Finally,  if  water  is  given  and  retained  in  excess  of  the  net  balances  of 
sodium,  then  the  body  fluids  expand  and  become  hypotonic  as  a  whole.  In 
these  patients  muscle  and  abdominal  cramps  and  convulsions  can  develop 
as  they  do  in  subjects  with  hypotonicity  and  intact  or  lowered  stores  of 
extracellular  electrolytes. 

The  physiologic  effects  of  these  changes  can  be  summarized  by  saying 
that  edema,  occult  or  manifest,  may  be  and  usually  is  present  in  all  three  of 
these  combinations.  Hence  the  usual  view  of  edema  must  be  broadened  to 
indicate  that  expansions  of  extracellular  fluid  can  be  accompanied  by  in¬ 
creased  or  decreased  concentrations  of  sodium  and  therefore  by  relative  or 
absolute  decreases  or  increases  in  the  volumes  of  cell  water,  respectively. 
The  problem  is  further  complicated  when  it  is  recalled  that  exchanges  of 
cellular  ions  may  also  be  involved  (see  fig.  3-12  and  chapter  13). 


V.  Excesses  of  Potassium  in  Subjects  with  Intact  Regulatory 

Mechanisms 

It  has  been  pointed  out  earlier  (chapter  5)  that  studies  of  the  distribution 
of  administered  potassium  support  the  view  that  the  cells  of  the  body  as  a 
whole  or  certain  tissues  serve  as  a  temporary  storehouse  for  this  element 
when  it  is  ingested  or  injected  at  a  rate  in  excess  of  the  organism’s  ability 
to  utilize  or  to  excrete  this  element  (3a-c).  The  excess  is  then  gradually 
eased  to  the  extracellular  fluid  and  excreted  via  the  renal  or  extrarenal 
routes.  If  the  rate  of  administration  is  excessive,  and  usually  this  can  only 
occin  via  the  venous  route,  extracellular  concentrations  and  amounts  will 


204 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


VI.  Excesses  of  Potassium  in  Disease  States 

As  in  the  case  of  sodium,  the  extreme  importance  of  the  concomitant 
water  balances  upon  the  levels  of  potassium  in  the  body  has  to  be  stressed. 

It  is  obvious  that  dehydration  will  increase  the  concentrations  of  this  ion 
irrespective  of  the  absolute  amounts.  Hence  the  simple  presence  of  hyper¬ 
kalemia  does  not  mean  that  total  stores  are  increased. 

A.  Increments  in  Cellular  or  Extracellular  Potassium 

Total  body  potassium,  i.e.,  cellular  and  extracellular,  increases  in  renal 
disease,  in  adrenocortical  insufficiency  or  in  any  clinical  circumstance  in 
which  excretion  cannot  keep  up  with  intake  or  input. 

Cellular  potassium  increases  at  the  expense  of  extracellular  potassium  in 
only  one  disease  entity,  familial  periodic  paralysis,  though  insulin  or  glucose 
therapy,  glycogen  formation,  testosterone  injection  and  a  number  of  other 
factors  can  also  produce  transfers  into  cells.  These  are  depicted  in  figure 
7-6  which  shows  processes  known  to  result  in  a  net  movement  of  potassium 

into  cells. 

Extracellular  fluid  receives  increments  of  cell  potassium  as  a  conse¬ 
quence  of  anoxia,  impending  death,  any  interference  with  the  metabolic 
processes  which  keep  this  element  predominantly  in  cells,  dehydration, 
muscle  contraction  or  deglycogenation  of  the  liver.  This  is  illustrated  in 
figure  7-7.  However,  adequate  regulatory  mechanisms  readily  dispose  of  the 
extra  potassium  via  the  usual  excretory  route  and  hence  persistent  increases 
in  extracellular  potassium  usually  indicate  impairment  of  excretion  I  his 
occurs  most  often  in  anuric  or  oliguric  subjects  as  in  those  « ith  kuve, 
nephron  nephrosis,  diarrhea,  diabetic  coma,  etc.  (5a-d).  (See  fig.  9-J  and 
chapters  12  and  15.) 

B.  Physiologic  Concomitants  of  Potassium  Excesses 

Potassium  excesses  within  cells  produce  no  known  harmful  effects  in  and 
of  themselves.  This  is  in  keeping  with  the  concept  that  the  cells  can  sene 

as  a  lotal  amount  of  extracellular  potassium  pro- 

duce  any  recognisable  clinical  or  physiofcpc  Ranges 

electrolyte  do  not  rise.  However  [n her  iota  a m or. , , t s  are  normal,  low, 
cellular  potassium - l^^^ummlarand  iieuroU*ic 

or  increased  do  alter  myocaid  c  ,  changes  taken  from  the 

function.  Thl,y^  (6)  illustrated  in  figure  8-2.  Also 

weaknessor  paralysis  may  of  tL 

or  of 'other  body^electroly  tes  have  not  been  defined. 
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Concentration  of  potassium  in  the  serum  ( millimols  per  liter )  at  which  various 
electrocardiographic  changes  appear 
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Fig.  8-2.  C  lassic  Report  of  ECG  Effects  of  Hyperkalemia  and 
Their  Relation  to  Potassium  Levels  in  Serum 

Serial  electrocardiograms  on  the  left  taken  during  intravenous  injection  of  potas¬ 
sium  chloride.  A,  control;  B,  increase  in  amplitude  of  T  nave;  C,  S-T  segment  drops 
below  isoelectric  line,  and  P  wave  disappears;  D,  accentuation  of  previous  changes' 
it,  spreading  and  beginning  disorganization  of  Q  It  S  complex;  P,  complete  disor- 
ganization  of  Q  R  S  complex  just  prior  to  final  arrest. 

electrocardiograms  on  the  right  showing  the  reversibility  of  electrocardi- 
graphic  changes  following  intravenous  injection  of  potassium  chloride  (expt  3) 

dr’onTs  T^  ’TiT''^  °f  T  WnWS;  C>  di8aPP«m>nce  of  P  ™  and 
diop  of  S  T  segment.  At  this  point  the  injection  was  stopped.  D  shows  the  reappear 

:f  t"  C0mplete  heart  -  *•  *"  ”  and  decease 

(Taken. in  lolo  from  Winkler,  HofT  and  Smith  (6)) 
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This  is  of  particular  importance  in  view  of  the  demonstrated  fact  that,  in 
contrast  to  the  animal  studies  cited  above,  there  is  a  general  rather  than  a 
strict  parallelism  between  extracellular  levels  and  the  appearance  of  the 
electrocardiographic  changes. 

VII.  Body  Fluid  Disturbances  Produced  by  Deficits  or  Excesses 

Having  discussed  the  common  denominators  which  can  result  in  deficits 
or  excesses  of  body  fluid  components,  we  are  now  prepared  to  think  of  their 
effects  in  terms  of  the  general  types  of  body  fluid  disturbances  which  result. 
These  include  changes  in  volume,  in  concentration,  in  relative  ion  concen¬ 
tration,  and  in  regional  distribution,  alone  or  in  combination. 

A.  Volume  Disturbances 

Disturbances  in  volume  produced  by  deficits  or  excesses  may  involve  each 
of  the  several  phases  of  the  body  fluids.  Pure  volume  disturbances  are  those 
which  do  not  involve  change  in  concentration  of  either  total  electrolytes  or 
any  specific  electrolyte.  In  other  words,  the  volume  of  solvent  or  water  of 
the  phase  has  changed  as  well  as  the  amount  of  solute  or  solutes  contained 
therein.  This  may  be  true  for  extracellular  fluid  as  a  whole,  for  plasma  or 
interstitial  fluid,  or  for  intracellular  fluid.  Such  changes  are  shown  foi  the 
extracellular  fluid  in  figure  8-3.  As  seen  in  the  figure,  it  is  implicit  that  if 
there  is  a  water  change  in  the  phase  and  no  change  m  concentration  of  the 
main  cation  sodium,  there  must  be  a  change  of  sodium  in  the  same  direction 
as  that  of  water.  Similar  diagrams  could  be  drawn  for  the  other  phases  just 
mentioned.  Such  volume  disturbances  of  extracellular  fluid  are  commonly 
seen  in  edema  of  congestive  heart  failure,  in  nephrosis,  in  water  and  salt 
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F,r  8-3  Disturbances  in  the  Volume  ok  the  Extracellular  Fluid 
Volume  is  plotted  horizontally  and  concentrations  are  indicated  along  t  ,c  or  na 

in  this  and  the  next  3  figures.  u  >  •  pach  instance  because  losses  or 

in  X  proportions  in  ,iich  they 

ordinarily  exist  in  the  body. 
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deficits  as  seen  in  patients  who  have  had  a  gastrointestinal  fluid  loss  or 
Addison’s  disease  (see  figs.  3-12,  3-15,  22-1). 

B.  Concentration  Disturbances 

Under  this  heading  are  considered  changes  in  the  total  electrolyte  con¬ 
centration  of  the  body  fluid  produced  by  deficits  or  excesses.  Since  w atei  is 
freely  and  rapidly  diffusible  between  the  extra-  and  intracellular  phases,  the 
concentration  of  the  two  phases  is  usually  considered  to  be  the  same.  Ihis 
concentration  may  be  measured  by  determining  the  total  base  concentra¬ 
tion  of  serum  or  extracellular  water.  Since  sodium  is  the  major  extracellular 
cation,  the  concentration  of  this  ion  gives  an  easily  determined  approximate 
concentration  of  the  total  extracellular  and  intracellular  fluid  electrolyte. 
As  seen  in  figure  8-4  the  main  concentration  disturbances  are  associated 
with  either  deficit  or  excess  of  solvent  or  deficit  or  excess  of  a  solute,  such 
as  sodium.  It  is  likewise  evident  from  this  drawing  that  concentration 
disturbances  cannot  be  dissociated  from  volume  disturbances. 
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Fig.  8-4.  Disturbances  in  Concentrations  and  in  Volume 
Dotted  lines  identify  normal  volume  and  concentration  relationships 
In  the  upper  left-hand  figure  (a)  dehydration  (pure  water  deficit)  has  decreased 
e  extra-  and  intracellular  volumes  and  raised  the  electrolyte  concentration  In 

raised  concentration,  and  out' °'  hyPert°“iC  Sali™ 
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Deficit  of  water  as  seen  in  water  deprivation,  dehydration  and  excessive 
sweating  leads  not  only  to  an  elevated  electrolyte  concentration  in  the  body 
fluids,  but  also  to  diminution  of  both  extracellular  and  intracellular  fluid 
volumes.  This  happens  because,  as  water  is  removed  from  the  extracellular 
phase,  intracellular  water  diffuses  out  into  the  extracellular  space  to  main¬ 
tain  an  equal  electrolyte  concentration  (see  figs.  2-G,  20-1). 

Conversely,  overloading  of  the  body  with  water  leads  not  only  to  a  de¬ 
pression  of  the  total  electrolyte  concentration,  but  also  to  an  overexpansion 
of  both  fluid  phases.  This  is  most  commonly  seen  in  the  anuric  patient  who 
receives  large  amounts  of  sodium-free  water  (see  figs.  12-5,  12-G).  It  can 
also  be  produced  experimentally  by  the  injection  of  posterior  pituitary 
antidiuretic  hormone  together  with  a  water  load  (see  chaptei  19). 

Changes  in  sodium  or  in  the  principal  electrolytes  of  the  extracellular 
fluid  also  produce  secondary  changes  in  volume  as  well  as  concentration. 
Sodium  deficit  in  relation  to  water  as  produced  experimentally  by  the 
removal  of  sodium  through  intraperitoneal  lavage  or  as  seen  clinically  m 
the  patient  who  loses  sodium  containing  gastrointestinal  fluids,  but  replaces 
some  of  the  water,  leads  not  only  to  a  lowering  of  the  total  electrolyte 
concentration,  but  also  to  a  shift  of  water  into  the  cells  (see  fig-  2-6). 

The  converse  of  this  condition,  the  loading  of  the  extracellular  phase 
with  hypertonic  solutions  of  sodium,  leads  to  an  elevation  of  the  total 
electrolyte  concentration  and  a  withdrawal  of  water  from  cells.  Uns  may 
be  produced  experimentally  by  the  injection  of  hypertonic  sodium-contain¬ 
ing  solutions  or  is  seen  in  individuals  who  are  cast  away  at  sea  and  who 
drink  large  amounts  of  sea  water  (see  fig.  2-8  and  chapter  2). 

Thus  the  determination  of  serum  sodium  or  of  total  base  in  any  given  sick 
patient  gives  some  clue  as  to  the  type  of  concentration  disturbance  presen  ■ 
I„  fiEure  8-4  only  those  disturbances  in  concentration  and  in  volume  vh 
originate  iii  the  extracellular  fluid  have  been  shown.  As  pointed  out  m  the 

SSL .  ■».'  . . .  .1  fc  M.1  bob,  U  (-%»' 

c.  Relative  Ion  Disturbances 

So  far  disturbances  have  been  presented 

of  water  and  the  total  electrolyte  concen  i  a  •  ,  ^  .g  made  up  0f  a 

body  fluid*e  S^“nt''°it1se' quAe  pos^ible"^  the  concentration  of  some  of 
large  number  of  ions,  •  l  changed  as  a  consequence  of 

ST,  dS  ^,t  atn—  alteration  i„  either  the  total 
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Fig.  8-5.  Disturbances  in  Relative  Ionic  Concentration 
An  attempt  has  been  made  to  present  orders  of  magnitude  via  a  mirror  image  of  a 
Gamble  diagram  superimposed  upon  the  extracellular  space  (E)  (as  in  fig.  3-6,  c).  1  he 
arrows  point  to  internal  and  external  transfers  of  electrolytes. 

In  A,  hypochloremic  alkalosis  is  shown  in  association  with  cell  deficits  of  potas¬ 
sium;  sodium  has  replaced  some  of  the  cell  potassium.  In  B,  a  metabolic  acidosis  of 
the  type  which  occurs  in  renal  failure  is  shown  with  evidences  of  sodium  deficit  and 
potassium  accumulation  within  cells. 


electrolyte  concentration  or  the  total  volume  of  the  solvent  water.  Two  such 
disturbances  are  shown  in  figure  8-5.  On  the  left  is  presented  the  change  in 
relative  ion  concentrations  that  might  take  place  in  a  patient  with  severe 
vomiting  and  with  the  development  of  potassium  deficiency.  Chloride  is 
usually  lost  from  the  extracellular  fluid  and  replaced  by  bicarbonate. 
Potassium  may  leave  the  intracellular  phase  and  sodium  enter  in  its  place 
without  any  change  in  volume  or  total  concentration  of  electrolyte  (see 
figs.  3-15,  22-1).  Actually  in  this  condition  there  are  usually  changes  in 
volume  as  well  but  this  is  not  necessarily  so.  Another  example  shown  in  the 
light  half  ot  figme  8-5  is  that  of  a  patient  with  severe  renal  insufficiency. 
As  phosphates  and  sulfates  and  undetermined  acids  pile  up  in  the  extra¬ 
cellular  fluid,  bicarbonate  ion  is  displaced  (see  fig.  12-5).  Potassium  may  be 
retained  as  well  in  both  extracellular  and  intracellular  phases  and  there  may 
be  a  shift  of  sodium  from  the  cells  outward.  Again  this  conceivably  might 
occur  without  any  change  in  total  volume  of  either  phase,  or  of  the  total 
electrolyte  concentration,  and  again  some  change  in  volume  may  take  place, 
ihus,  m  any  disturbance  one  has  to  consider  the  changes  in  relative  ion 
concentrations  as  well  as  the  other  dimensions  of  disturbance  in  the  body 


D.  Regional  Distribution  Disturbances 

As  indicated  earlier,  the  body  fluids 
the  extent  that  the  mixing  apparatus 


are  homogeneous  solutions  only  to 
or  the  circulation  is  working  well. 
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Fig.  8-6.  Disturbance  in  Regional  Distribution:  Diagram  of 
“Systemic”  Dehydration  in  the  Presence  of  Edema 

The  dotted  line  represents  volume  and  concentrations  in  health.  In  the  upper  por¬ 
tion  of  this  figure  low  sodium  syndrome  ([B+])  stemming  from  salt  depletion  is 
shown.  In  the  lower  portion  low  salt  syndrome  on  the  basis  of  excessive  water  reten¬ 
tion  is  illustrated.  These  two  figures  emphasize  the  possibility  of  dehydration  in  t  ie 
presence  of  an  edema,  (see  fig.  1-11).  (From  Elkinton  and  Squires  (8).) 


Considering  the  fact  that  the  four  types  of  fluid  movements  between  the 
three  phase  system  of  plasma,  interstitial  fluid,  and  intracellular  fluid  are 
working  in  many  different  parts  of  the  body  simultaneously  in  an  integrated 
fashion,  it  is  easy  to  understand  how  there  may  be  differences  m  regronal 
distribution  of  fluids  in  disease  states  characterized  by  deficits 
Such  a  disparity  in  distribution  as  seen  in  certain  types  of  the  lou -salt 
syndrome”  is  illustrated  in  figure  8-0.  Here  the  patient  with  congestive 
heart  failure  has  an  excess  of  sodium  and  water  in  the  extracellular  phase 
in  certain  parts  of  the  body,  usually  dependent  portions.  However  follow  mg 
the  prolonged  use  of  low-salt  diets  and  mercurial  diuretics,  such  patient 
sometimes  develop  evidences  of  peripheral  vascular  collapse  and  renal. n- 
—  L  fig  13-2).  It  would  appear  that  although  these  patients  have 
me”ofextra^ellular  fluid  and  at  times  of  plasma  volume,  t  hoc, rcula- 

excretory  organ. 
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E.  Mixed  Disturbances 

As  stated  above,  in  most  clinical  situations  where  the  body  fluids  are 
abnormal,  the  abnormalities  consist  of  changes  in  more  than  one  of  these 
dimensions,  i.e.,  excesses  and  deficits  may  be  present  at  the  same  time. 
This  concept  is  important  because  the  physician  in  treating  his  patient 
must  consider  carefully  which  abnormality  is  the  more  important  one  to 
treat  and  whether  he  can  treat  more  than  one  simultaneously.  In  analyzing 
the  clinical  problem,  furthermore,  it  will  be  useful  to  consider  what  are  the 
disturbances  of  volume,  concentration,  relative  ion  concentration,  and  re¬ 
gional  distribution,  and  to  assess  the  importance  of  the  therapy  of  each  in 
turn. 

Summary:  As  in  the  case  of  deficits,  excesses  may  occur  as  common  fac¬ 
tors  in  various  diseases  and  manifest  themselves  as,  or  in  conjunction  with, 
disturbances  in  volume,  concentrations,  or  distribution,  alone  or  in  combina¬ 
tion. 

A  more  than  transient  increase  in  water  without  great  change  in  solutes 
occurs  with  excessive  intake  or  input  of  water  in  patients  with  oliguria  and 
anuria.  Such  patients  are  particularly  apt  to  develop  generalized  convul¬ 
sions.  Relative  excesses  of  water  may  also  occur  in  a  more  or  less  chronic 
form  in  patients  with  illnesses  in  which  volume  and  concentration  regulation 
is  disturbed,  as  in  congestive  heart  failure,  cirrhosis,  or  chronic  nephritis. 
Attempts  to  raise  concentrations  of  solutes  in  such  patients  usually  only 
induce  thirst  and  increase  edema. 

Excesses  of  sodium  may  be  present  with  unchanged,  increased,  or  de¬ 
creased  concentrations  of  this  ion,  and  occur  when  the  circulatory,  renal 
or  regulatory  mechanisms  are  disordered  or  overwhelmed.  With  increases 
in  the  total  amount  of  sodium  and  of  water,  edema  ensues;  the  tonicity  of 
body  fluids  then  depends  on  the  retention  of  water  relative  to  the  retention 
of  sodium.  Pronounced  elevations  of  sodium  concentrations  irrespective  of 
their  ongiii  pioduce  collulai  dehydration,  deterioration  of  cerebral  function 
and  even  respiratory  failure. 

Body  potassium  stores  increase  when  the  input  exceeds  excretion.  Un¬ 
due  inci eases  in  extracellular  potassium  alter  the  electrocardiogram  and 
may  affect  sensation  and  motor  strength,  whereas  rises  in  cell  potassium 

appear  to  represent  a  mechanism  for  the  safe  storage  of  excesses  of  this 
electrolyte. 
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Chapter  9 

THERAPY  OF  EXCESSES  OF  WATER  OR  OF 
THE  CHIEF  ELECTROLYTES 


Removal  of  excesses  of  body  water  or  of  the  chief  electrolytes  in  general 
presents  more  problems  than  those  encountered  in  the  replacement  of  defi¬ 
cits.  Nonetheless  the  knowledge  and  the  tools  available  to  the  clinician  for 
this  purpose  are  increasing.  Their  application  is  discussed  in  the  sections 

which  follow. 


I.  Treatment  of  Water  Excesses 

Lowering  the  volume  of  body  water  is  relatively  easy  in  the  anunc  pa¬ 
tient  who  has  been  inadvertently  overtreated  with  water.  Simply  withhold¬ 
ing  fluids  will  restore  tonicity,  as  the  insensible  loss  of  water  continues.  Appli- 
cation  of  certain  types  of  artificial  kidneys  as  described  in  chapter  25  will 
also  remove  water,  though  at  a  limited  rate  (la,  b)  (see  fig.  25  )• 

When  such  attempts  to  correct  hypotonicity  by  decreasing  body  water 
are  unsuccessful,  the  question  of  sodium  chloride  administration  as  a  means 
of  restoring  normal  tonicity  should  be  raised,  though  with  care  and  cautio  . 
This  will  be  beneficial  only  in  those  patients  in  whom  an  element  of  salt 
depletion  is  present  or  in  those  with  symptoms  or  signs  of  water  intoxica- 

tion  and  may  prove  harmful  in  hypertension. 

In  other  types  of  patients  hypotonicity  usually  reflects  the  presence  of 
disordered  of  reset  volume  and  osmoreceptors.  In  such  instances,  occum  g 
II  tVinueh  not  invariably  in  clinically  edematous  cirrhotic,  nephnt  , 

asst  r— 'r  i  sea?  -  *  — * 
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be  heart,  kidney,  or  liver.  Improvement  in  the  function  of  the  particular 
organ  in  the  presence  of  adequate  renal  excretory  ability  is  followed  by 
automatic  restoration  of  normal  volume  and  concentration  relationships. 
This  problem  is  discussed  in  greater  detail  in  the  chapters  dealing  with  these 

three  organs. 

II.  Treatment  of  Sodium  and  Chloride  Excesses 

A  negative  salt  balance  can  be  achieved  by  decreasing  ingested  or  in¬ 
jected  sodium  and  chloride,  increasing  renal  and  extrarenal  losses  of  the 
electrolytes,  or  both.  If  the  problem  is  one  of  prevention,  then  the  achieve¬ 
ment  of  an  equilibrium  between  intake  and  loss  becomes  the  goal. 


A.  Withdrawal  of  Dietary  Salt 

The  efficacy  of  such  a  procedure  in  any  individual  patient  is  dependent 
upon:  a)  the  degree  to  which  dietary  sodium  is  reduced ,  and  h)  the  degree 
to  which  dietary  sodium  must  he  reduced  to  achieve  either  equilibrium  or 
negative  balances  of  sodium.  Not  all  clinical  situations  in  which  limitations 
of  sodium  intake  are  indicated  necessitate  the  same  degree  of  restriction. 
Thus,  when  sodium  excesses  and  edema  appear  on  the  ordinary  general  diet, 
avoidance  of  foods  obviously  high  in  sodium  content,  such  as  preserved 
meats,  together  with  elimination  of  salt  in  the  preparation  and  serving  of 
food  may  prove  adequate.  In  such  instances  the  daily  intake  of  the  ion  is 
reduced  only  slightly  and  yet  this  difference  is  enough  to  tilt  the  sodium 
balance  and  to  prevent  further  accumulation  or  to  produce  a  diuresis.  Un¬ 
fortunately,  too  often  such  relatively  slight  reductions  in  dietary  sodium  do 
prove  inadequate  in  controlling  salt  retention  in  congestive  failure,  cirrhosis, 
or  the  nephrotic  syndrome.  In  such  patients  a  careful  selection  of  foodstuffs, 
together  with  the  exclusion  of  sodium  during  their  preparation  and  from 
basic  items  such  as  bread  and  butter  will  reduce  the  daily  intake  of  this 
electrolyte  down  to  as  little  as  300  or  even  50  milligrams.  Representative 
chemical  analyses  of  foods  for  this  purpose  are  readily  available  in  a  number 
of  publications  (2a,  b),  and  will  not  be  duplicated  here.  It  may  be  helpful  to 
remember  however  that  old-fashioned  cereals,  fresh  fruits,  and  vegetables 
have,  in  contrast  to  meats,  fish,  and  milk,  only  traces  of  sodium.  Almost 
all  the  sodium  in  milk  can  be  removed  by  dialysis  and  hence  sodium-free 
milk  can  be  included  in  such  restricted  diets.  Unfortunately,  this  is  not 
possible  with  meat  and  fish.  Finally,  in  many  areas,  particularly  those  in 
which  water  softeners  are  in  operation,  distilled  or  untreated  water  will 
have  to  be  used  to  achieve  this  measure  of  restriction. 

Sample  low-salt  diets  containing  50  or  30(1  milligrams  of  sodium,  i.e„  two 
and  13  milliequivalents  respectively,  are  given  in  the  appendix  This 
regimen  also  provides  150  to  200  milliequivalents  of  potassium  each  day. 
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It  is  obvious  from  the  attached  estimates  that  these  diets  are  adequate 
from  the  viewpoint  of  carbohydrate,  fat,  and  protein.  Extra  iron  and  vita¬ 
mins  have  to  be  supplied.  Though  such  diets  do  not  have  the  characteristic 
array  of  meat  or  fish,  potato,  and  vegetable  they  are  quite  well  received  by 
children  and  can  be  made  acceptable  to  almost  all  adult  patients,  if  par¬ 
ticular  care  is  taken  in  their  selection  and  preparation.  This  we  have 
found  to  be  true  in  treating  large  series  of  rheumatic  fever  patients,  as  well 
as  children  and  adults  hospitalized  with  renal  disease  (3a-c). 

Prolonged  dietary  sodium  restriction  does,  however,  prove  burdensome  to 
many  patients.  In  an  attempt  to  increase  dietary  palatability  salt  sub¬ 
stitutes  have  been  devised.  Most  of  these  contain  ammonium  and  potas¬ 
sium  salts  which  impart  some  pungency  to  the  diet  but  do  not  prove 
universally  acceptable  (4).  The  lithium  salts  employed  for  this  purpose, 
however,  had  to  be  discontinued  because  of  serious  toxic  reactions  (5a— e). 
Furthermore,  in  patients  with  renal  failure  and  its  attendant  trends  to¬ 
ward  acidosis  and  hyperkalemia  ammonium  and  potassium  ions  are  also 
contraindicated,  even  though  the  total  daily  intake  may  be  quite  small. 

These  limitations  of  sodium  restricted  diets  have  led  to  attempts  to 
interfere  with  the  absorption  of  ingested  salt  by  a  variety  ot  means. 


B.  Removal  of  Gastrointestinal  Sodium  by  Irrigation ,  by  Dialysis  or  by  Ex¬ 
change  Resins 

Since  gastrointestinal  secretions  are  known  to  contain  large  amounts  of 
sodium  gastric  or  intestinal  lavage,  colonic  irrigation,  and  catharsis  have 
occasionally  been  employed  in  attempts  to  augment  the  excretion  of  this 
ion  from  the  body.  All  of  these  procedures  have  been  abandoned,  largely 
because  of  their  unpredictability  and  inefficiency.  The  artificial  kidney, 
however,  does  serve  as  an  effective  modern  day  counterpart  of  these  dialytic 
procedures.  This  is  taken  up  in  great  detail  in  chapter  25. 

The  possibility  of  augmenting  electrolyte  excretion  via  the  gastrointesti¬ 
nal  tract  has  been  re-explored  with  the  availability  of  cation  exchange 
rosins  which,  in  contrast  to  cathartics,  alter  stool  composition  in  a  some¬ 
what  more  specific  and  generally  predictable  manner.  These  agents  "hen 
ake  n  by  mouth  ultimately  bind  positive  charged  electrolytes  m  the  gastro- 
ntestinal  secretions.  Since  they  are  indestructible  and  too  arge  to  be 
absorbed,  they  are  excreted  unchanged  in  the  feces  together  with  associated 

'V  Chemical  structure  and  properties  ol  exchange  resins.  Stmc 
Jally,  cation  exchange  resins  consist  £_£££ 

or  — SO3H). 
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R-COO'NH  .++Na+'CI  - R-COO~No+  +  NH^CI- 

4  4 

R-C0(TNH4*  +  K+CI~  - R  COO“  K4  +  NH4CI“ 

Fig.  9-1.  Chemical  Structure  of  a  Segment  of  a  Carboxylic  Cation 

Exchange  Resin 

The  carboxylic  side-chains  (COO-)  are  shown  with  various  cations  attached:  am¬ 
monium,  hydrogen,  sodium,  and  potassium.  The  reactions  of  the  ammonium  cycle 
resin  with  XaCl  and  KC1  are  indicated. 


When  the  resin  has  reacted  with  acid,  hydrogen  ions  occupy  the  terminal 
positions  of  the  carboxyl  or  sulfonic  groups;  it  is  then  said  to  be  in  the  hy¬ 
drogen  form.  The  phrase  “in  the  sodium  form  or  cycle”  applied  to  the  ex¬ 
changer  indicates  that  the  hydrogen  ion  has  been  supplanted  by  sodium. 
If  it  is  displaced  by  potassium  then  it  would  be  called  the  “potassium  form” 
of  the  resin.  The  carboxylic  resin  differs  from  the  sulfonic  in  that  with  the 
latter  exchanges  of  the  hydrogen  ion  for  other  cations  can  occur  at  lower 
pH  values  (Ga-d).  In  liquid  media,  in  vitro  and  in  the  gastrointestinal  tract, 
the  hydiogen  ion  of  these  two  groups  ionizes  and  can  be  exchanged  for  other 

cations  such  as  sodium  and  potassium  which  are  then  excreted  in  feces.  This 
is  shown  in  figure  9-2. 


These  complex  macromolecules  can  be  described  as  huge  anions  with  at¬ 
tached  cations.  Such  polyelectrolytes  possess  a  variable  affinity  for  cations 
depending  on  the  degree  of  their  cross-linkage,  the  nature  of  the  solvent  the 
characteristics  of  the  individual  cations  such  as  the  atomic  weight  ’  the 
radius  of  the  unhydrated  nucleus,  the  valence,  and  a  host  of  other  less  well- 

^er‘dentiCal  C<mditions’  for  example,  the  exchanger  will 
Preferentially  bind  larger  amounts  of  potassium  than  of  sodium,  and  more 

whfch  Jr  6"  ai  ?  TiCh  38  Ca'C1"m  than  ot  either  Potassium  or  sodium 
rvhich  aie  univalent.  However  this  hierarchy  of  affinities  for  the  different 
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Resin  by  mouth 
i 


RCOCf  NH4 
->  h+ci“ 

i 

R-COOH  + 


stomach 


smalt 

intestine 


large 

intestine 


Fig.  9-2.  The  Principal  Reactions  of  Cation  Exchange  Resin  in  the 

Gastrointestinal  Tract 

Carboxylic  resin  in  the  ammonium  cycle  given  by  mouth  exchanges  for  hydrogen 
in  the  stomach-  hydrogen  is  then  exchanged  for  sodium  and  potass, urn  m  the  small 

(9b). 

cations  yields  to  the  electrolytes  which  predominate  in  the  environment  in 
“the  resin  is  placed.  Since  sodium  and  potass.um  are  the  chief  tons  m 

changers.  This  class  of  compounds  is.fe.ed 

-changer  *  **  «**<** 

a1  -dies- The 
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Fig.  9-3.  Fecal  Electrolytes  during  Cation  Exchange  Resin  Therapy 
The  columns  represent  stool  excretion  of  Na,  Iv,  Cl,  and  N  per  day,  per  100  grams  of 
wet  stool,  and  per  1 .0  gram  of  nitrogen  during  therapy  indicated  at  the  head  of  each 
group  of  columns.  The  chemical  abbreviations  indicate  the  form  of  the  resin  ingested, 
and  the  asterisks  stand  for  values  significantly  different  from  the  control  column 
entitled  “none.”  The  column  headed  “NII4  cortisone”  indicates  a  patient  receiving 
the  NH4  form  of  the  resin  together  with  cortisone.  Stool  excretion  of  sodium  and  of 
potassium  increased  to  a  variable  degree  irrespective  of  the  particular  form  of  the 
resin  administered,  or  of  cortisone  therapy.  Mean  stool  chloride  and  nitrogen  values 
were  not  changed  during  the  ingestion  of  any  of  the  exchangers,  but  did  increase 

GSr^a“eWaSg,VendUring  NH‘  f°rm  therW  in  °ne  (From 


administration  of  certain  but  not  all  forms  of  carboxylic  or  sulfonic  resins 
to  dogs  for  several  days  in  20-  to  40-gram  amounts  or  to  humans  in  30-  to 

urineaoi„-cwfieS  ^  th?  comP°sitio1'  of  feces,  the  body  fluids,  and 
®a  c  •  r,f  a  resln  Precharged  with  hydrogen  or  ammonium  ions  is 

’  jt  *  °UtPUt  °f  S°diUm  a,K‘  °f  P°tassium  r^es  (fig.  0-3)-  the 
released  hydrogen  or  ammonium  ions  are  absorbed  and  a  metabolic  acidosis 

c  ^utTri  ^  hyPerChI°remia  a  lowered  total  slm  CO 
(fig.  9-4),  the  urinary  output  of  sodium  and  potassium  decreases 
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H  *  CYCLE  (Controls) 

Serum 


Administration 

The  administration  of  a  carboxylic  exchanger  in  the  hydrogen  cycle  to  hosP‘t^ 
diabetic  children  produced  hyperchloremia  and  acidosis  (From  Danowsk.  «!.,  (.  ))- 


(fig  9-5)  and,  after  several  days,  an  increased  renal  production  ol  ammonia 
and  of  the  ammonium  ion  is  evident.  On  the  other  hand  the  ingestion  of  an 
exchanger  precharged  with  potassium  eliminates  the  acidosis  and  leads  to 
absorption  o  some  of  the  potassium  fed  with  the  resin.  Finally,  the  use  of  a 
reX  to  which  calcium  has  been  bound  virtually  deprives  it  of  any  oi  these 
elfects  presumably  because  of  its  greater  affinity  for  polyvalent  catio  . 

shown  in  table  9-1  00).  d  stool  in  man  has  more  potassium 

It  is  readily  evident  that  th  ,  t  Qf  both  of  these  ions 

than  sodium.  The  resin  sigm  can  y  ^ise®  ’  sodium  even  though 

but  in  percentage  terms  the  rise  is  greater  in  the  case 

larger  amounts  of  potassium  are  lost. 


Cl 

mrq 


Nj 

mrq 


K 

mrq 


N 

( 


50 

ur  Ine 

CONTROL  0 

slool 

50 


H  RESIN 


urine 


stool 


- g"TT' 


1,0  T 


50 

urine 

POS  T  H  RESIN  0 

stool 

50 

urine 

Na  RESIN  0 

stool 

50 


Jig.  9-5.  Daily  Excretions  of  Electrolytes  and  of  Nitrogen  in 
Urine  and  in  Stools  during  Cation  Exchange  Resin  Therapy 
Co'umns  With  horizontal  waves  depict  daily  urinary  excretion  of  the  constituent 

refer  to  meVn'lTT  T  "’e  h°nZO,;tal  li,,cs  are  based  on  stool  data.  Black  columns 
and  the  E  t*V  Va  !‘e8'  0pett  columns  '■•Plicate  excretion  per  1(10  grams  of  stool 
•  dicat  thaut  t"8  ,‘t  "  tbe  e*ectro'yte:nitro«en  ratio.  The  small  circles 

Ingest  on  of  the  h"  ?.  f  .7“"  thC  C°'ltr°'  is  8ta«sti'a"y  significant. 

and  of  Sodium  %£  cl™  ;'Vatrv;;rr  it'om,:::;':  rrr°  of  prsium 

output  of  these  electrolytes  The  sodium  form  of  thn  ^  i  ^  dfreased  unnary 
sium  and  sodium.  Urinary  potassium  !  rGSln  a  so  raised  the  stool  potas- 

below  control  values.  Urinary  sodium  on  the  °Xpenments’  however>  did  not  decrease 
in  stool  chloride  were  present  nlv  '  ,  ier  iand  rose  markedly.  The  changes 

significant  alterations  occurred  in' ..Orle^hloride ' NUrog  °'  Smal‘ ma«'litude  a»d  "o 
(From  DanowskUet  al  (9a).)  *  Uogen  excretion  was  not  altered. 
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Table  9-1. 


EFFECTS  OF  A  CARBOXYLIC  CATION  EXCHANGER  (RCOOH) 
UPON  THE  COMPOSITION  OF  FECES* 


Excretion  per 

day 

(mEq) 

Specimens 

Resin  g/d 

Na 

K 

Mean  +  S.D. 

Mean 

+  S.  D. 

23 

none 

3.9  +  4.5 

9.7 

+  4.8 

26 

34 

20.9  +  25.4 

30.6 

+  22.2 

*  Taken  from  Danowski  and  Greenman  (10) 


Table  9-1 1. 


PPPPCTS  OF  A  CARBOXYLIC  CATION  EXCHANGER  PRECHARGED  WITH  VARIOUS 
EFFECTS  EXCRETION  OF  NA  AND  K* 


Form  of  Specimens 

carboxylic  resin 


Excretion  of  Na  +  K  in  feces/ gm.  of  resin 


H+ 
NH4+ 
K+ 

Ca++ 

+ 


26 

8 

6 

9 


Na  (mEq. ) 
Mean  +  S.D. 

0.6  +  0.7 
0.6  +  0.4 
0.4  +  0.5 
0.  2  +  0. 1 
15  +  0. 6 


K  (mEq.) 
Mean  +  S.D. 

1.1  +  0.9 
0.7  +  0.3 
1.4  +  0.7 
0.5  +  0.3 
0.9  +  0.5 


In  table  9-II  the  relative  effectiveness  of  the  various  forms  of  a  car- 
of  equal  efficiency  in  augmenting  sodmrn  output  d  milliequiValents  of 

edematous  patients  (12a  c). 
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There  is  no  evidence  that  the  sulfonic  types  exchangers  are  any  more 
efficient  or  that  any  large  net  gain  in  efficiency  results  from  the  simulta¬ 
neous  use  of  an  anion  and  cation  exchanger  (10,  13).  The  latter  combination 
probably  does  minimize  acidosis  and  hyperchloremia,  but  unfortunately 
still  does  not  permit  free  use  of  the  exchangers  in  patients  with  renal 
failure. 

3.  The  clinical  effects  of  exchange  resins.  Most  patients  can  tolerate 
the  resins  for  prolonged  periods  of  time  though  gastrointestinal  distress 
such  as  a  sense  of  fullness,  eructation,  constipation  and,  occasionally,  diar¬ 
rhea  may  develop  (9d,  14a,  b). 

These  agents  have  proved  useful  in  controlling  the  edema  of  congestive 
failure,  nephrosis,  cirrhosis,  as  well  as  in  sodium  restriction  for  hypertensive 
vascular  disease  or  toxemia  of  pregnancy  provided  that  some  dietary  re¬ 
striction  is  practiced  at  the  same  time  (14b,  15a-k).  Usually  an  80:20  mix¬ 
ture  of  the  H:K  forms  is  used  for  this  purpose  to  minimize  the  possibility 
of  potassium  depletion.  It  appears  best  to  use  the  resins  intermittently,  i.e., 
four  days  on  and  three  days  off,  since  this  allows  periodic  disappearance  of 
the  acidosis  which  develops  and  permits  absorptioi  of  calcium,  iron,  and 
other  food  essentials  unhampered  by  the  presence  of  resins  (see  figs.  13-4 
to  13-8). 

Several  warnings  are  in  order:  the  combination  of  sodium  restriction,  resin 
therapy,  and  losses  of  body  fluids  as  in  urine,  diarrhea,  sweating,  etc.  can 
result  in  sodium  or  potassium  depletion  (14b);  the  acidifying  exchangers 
should  be  used  with  caution  in  renal  failure,  but  this  also  applies  to  resins 
precharged  with  potassium  (15a,  i,  j);  the  ammonium  form  of  these  ex¬ 
changers  cannot  be  given  to  patients  with  cirrhosis,  since  they  can  precipi¬ 
tate  coma  (16a).  I  his  last  point  is  discussed  in  greater  detail  in  chapter  14 
which  deals  with  cirrhosis  and  ascites. 


C.  The  Use  of  Diuretics  in  Increasing  Urinary  Sodium  and  Chloride 

In  the  discussion  of  the  external  exchanges  of  electrolytes  in  health  it 
was  pointed  out  that  the  urinary  tract  was  the  chief  pathway  for  the  excre¬ 
tion  of  sodium.  The  renal  output  of  this  ion  can  be  increased  to  a  variable 
degree  by  diuretic  agents  (16b). 

1.  Water.  It  has  already  been  indicated  that  in  normally  hydrated  sub¬ 
jects  with  intact  salt  stores  the  ingestion  of  water  without  electrolytes  re¬ 
sults  in  a  diuresis  of  water  with  but  little  loss  of  sodium  and  of  chloride 
However,  in  subjects  who  have  electrolyte  excesses  and  are  depleted  of 
water,  replenishment  will  restore  glomerular  filtration  and  urine  flow  and 

X  eeTt,0n  °f  thC  6Xtra  ^  P-tienf  with  hyposthenuria 

require  large  water  exchanges  to  attain  an  adequate  solute  out  nut 

ese  are  in  all  probability  the  types  of  patient  described  in  large  numbers 
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by  Schemm  who  has  found  that  the  liberal  administration  of  water  without 
electrolytes,  up  to  five  liters  per  day  by  mouth  or  by  vein,  induces  diureses 
(17a-c).  However,  the  routine  use  of  this  regimen  in  all  patients  with 
sodium  and  chloride  present  in  excess  is  largely  unsuccessful  in  the  ex¬ 
perience  of  other  clinical  groups.  Some  do  respond  while  the  majority  of  the 
remainder  are  unaffected.  Many  develop  circulating  or  respiratory  distress 
and  even  actual  convulsions,  suggesting  water  intoxication. 

2.  Urea.  Urea  is  frequently  overlooked  as  a  simple,  cheap,  and  safe 
diuretic  in  patients  in  whom  the  blood  nonprotein  nitrogen  is  within  normal 
limits  or  only  slightly  elevated.  It  increases  urine  flow  by  diminishing  the 
reabsorption  of  filtrate  and  can  thereby  induce  the  desired  salt  losses.  It 
can  be  given  as  a  40  per  cent  solution  in  water  or  in  carbonated  beverages 
for  a  total  daily  intake  of  40  to  50  grams  (18a,  b).  However  if  the  impetus 
for  the  reabsorption  of  filtered  sodium  and  chloride  is  high,  then  only  a 
water  diuresis  results.  This  is  the  case  for  example  in  animals  depleted  of 
sodium  chloride  and  then  given  urea  (18c).  Maximal  effects  are  obtained 
when  urea  raises  the  blood  nonprotein  nitrogen  to  80  or  90  milligrams  per 
cent.  If  these  levels  are  present  as  a  manifestation  of  the  patient’s  disease, 
then  additional  urea  will  not  increase  the  urinary  output. 

3  Sugars  and  colloids.  The  polyuria  and  polydipsia  induced  by  hyper- 
glvcemia  in  diabetic  subjects,  as  well  as  studies  in  animals,  indicate  that  this 
and  other  sugars  can  be  employed  to  produce  an  osmotic  diuresis.  Dextran, 
which  is  a  polymerized  glucose,  and  other  synthetic  colloids  of  this  type  also 
function  as  osmotic  diuretics.  In  experimental  studies  the  increase  in 
urinary  excretion  is  limited  largely  or  entirely  to  water.  In  clinical  situations 
however  it  may  touch  off  an  excretion  of  sodium  as  well  19a,  b).  1  he  mode 
of  action  under  these  circumstances  is  not  clear,  though  obviously  in  pa¬ 
tients  with  decreased  renal  blood  flow  and  glomerular  filtration  these  sub¬ 
stances  will  serve  to  restore  circulatory  efficiency. 

'  |  Potassium  and  acidifying  salts.  Bunge  was  among  the  first  to  mite 
of  the  increase  in  sodium  output  which  could  be  induced  by  potassium 

i  •  •  i  tinn  i'oii)  After  the  work  of  Gamble,  Blackfan,  and  Ilamilto 
administration  (-0).  NH4NO3  and  KC1  as 

/om  rm  innrffftnic  chemicals  such  as  NH4UI,  Cat  i2 ,  iNri4i 

Reties,  th^potassium  salts  were 

i.e„  salts  which  upon  ingestion  resulted  in  a  rise  in  e  is  absorbed 

concentrations  and  a  drop  m  bicarbona  •  ’  f  fhloride 

and  the  ammonium  ion  metabolized  lea > n*. ™  ^  calciuro 

which  then  displaces  bicarbonate.  I  ore  ,,  dministra- 

is  absorbed  when  CaCl,  is  given  and  agam  ^°^~re  recent  studies 
tion  of  NHiNO.  produces  a  inm^ar  yp  endogenous  chloride 

—  ion  in  the  reabsorption  of  solute 


THERAPY  OF  EXCESSES 


225 


(21a,  b).  In  all  of  these  instances  the  depression  of  bicarbonate  by  chloride 
lowers  the  ratio  BHCO3/H2CO3  and  produces  an  increase  in  hydrogen  ions 
in  accordance  with  the  mechanisms  discussed  in  chapters  10  and  11. 

It  is  possible  that  the  potassium  ion  is  itself  involved  in  an  acidifying 
effect  beyond  that  to  be  expected  from  the  associated  chloride  or  nitrate. 
Elsewhere  in  chapter  7  it  has  been  indicated  that  cell  potassium  depletion 
is  accompanied  by  a  movement  of  sodium  and  of  hydrogen  into  cells,  result¬ 
ing  in  an  extracellular  alkalosis  and  a  cellular  acidosis  (22).  Potassium  re¬ 
plenishment  then  evicts  the  hydrogen  and  sodium  and  by  this  indirect 
mechanism  potassium  provides  hydrogen  ions  to  the  extracellular  fluid 
and  exerts  an  acidifying  effect.  Finally,  potassium  may  produce  an  acidosis 
by  competing  successfully  against  II4  ions  in  the  cation  exchange  process 
occurring  during  the  reabsorption  of  Na+  in  the  renal  tubule  (23)  (see 
chapters  10  and  11). 

Recently  it  has  been  reported  that  in  keeping  with  the  original  findings 
of  Bunge  a  high  oral  intake  of  potassium  minimizes  the  sodium  retention 
which  accompanies  cortisone  and  ACTII  therapy  during  an  unrestricted 
diet.  For  this  purpose  200  or  more  milliequivalents  must  be  given  each  day 
(24a-d). 

5.  Xanthines.  Caffeine,  theobromine,  and  theophyllin  have  long  been 
known  to  be  diuretics  by  virtue  of  a  multiplicity  of  pharmacologic  effects: 
they  increase  cardiac  output,  they  may  raise  glomerular  filtration  rates 
when  they  are  low,  and  they  increase  the  renal  excretion  of  sodium  and 
chloride.  The  latter  is  probably  a  dual  effect;  i.e.,  increased  filtration  of 
these  ions,  when  below  normal,  and  decreased  tubular  reabsorption  (25a, 
b).  Iheir  diuretic  effects  are  generally  not  as  pronounced  as  those  obtain¬ 
able  with  mercurials  and  hence  they  are  not  often  used.  Recently  Weston 
has  lepoited  that  in  certain  forms  of  congestive  failure  the  xanthines  ap¬ 
pear  to  be  useful  in  conjunction  with  potassium,  digitalis,  ammonium 

chloiide,  and  mercurials  (26).  The  usual  dosage  is  several  hundred  milli¬ 
grams. 


6.  Mercurials.  The  organic  mercurials  are  still  the  most  potent  of 
diuretic  agents,  acting  primarily  or  solely  by  interfering  with  the  tubular 
reabsorption  of  sodium  and  chloride.  Detailed  studies  suggest  that  the 
primary  effect  is  exerted  upon  the  chloride  ion,  that  this  effectiveness  is 
lost  when  hypochloremia  and  alkalosis  develop,  and  that  ammonium  chlo¬ 
ride  therapy  restores  or  enhances  the  diuretic  response  (27a-e)  Previous 
studies  raise  the  possibility  that  the  mercurial  diuretics  also  have  an  extra- 
lenal  action  that  induces  an  expansion  of  plasma  volume  (27f)  If  the  limi 
tations  inherent  in  most  methods  of  measuring  plasma  volume  permit  such 
.1  conclusion,  this  is  quantitatively  a  very  minor  change 

1.  Carbonic  anhydrase  inhibitors.  The  current  view  of  electrolyte 


226 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


Patient : 
Therapy  : 


Sod iu  m 
excretion 
in  urine 

mEq. /  day 


E.S.  ,  61  9  W  ,  Congestive  heart  failure  (hypertensive) 


Digitalis  •+  low  ft 

a  diet 

Sulfanilamide  4  qm /day  1 

Time-days  0  7 

Fig.  9-6.  The  Effect  of  a  Carbonic  Anhydrase  Inhibitor, 
Sulfanilamide,  on  the  Renal  Excretion  of  Sodium 
The  administration  of  this  drug  to  a  patient  with  congestive  heart  failure  and 
slowly  increasing  edema  resulted  in  more  than  doubling  the  average  daily  output  of 
sodium.  (From  Elkinton  (28m).) 


transport  in  renal  tubules  holds  that  carbonic  anhydrase  present  in  the 
kidney  manufactures  carbonic  acid  from  C02  in  proportion  to  the  partia 
pressure  of  C02 ,  i.e.,  the  PCO!  in  body  fluids  (28a-c).  H  ions  are  thereby 
provided  which  then  compete  with  Iv+  to  take  the  place  of  Na  absorbed 
from  the  tubular  lumen  (see  fig.  10-6).  Inhibitors  of  carbonic  anhydrase  such 
as  sulfanilamide,  F6003  or  Diamox,  and  Dirnate  interfere  with  the  produc¬ 
tion  of  H+  ions.  This  is  followed  by  decreased  reabsorption  of  Na  and 
increased  losses  of  Na+  and  of  K+.  The  urine  becomes  alkaline.  NH,  .on 
production  decreases  or  ceases,  perhaps  because  of  diminished  availability 
of  II+  ions  to  unite  with  NH,.  These  renal  changes  can  lower  the  pH  o 
,  ,  fl  •  j  ti,e  chloride  level,  presumably  as  an  adaptation  to  t 

nWnhorus  in  serum  as  a  consequence  of  increased  urinary  losses  (28d-j). 
The  increased  urinary  sodium  output  following  tbc  admm^rat.on  of  car- 

this  purpose. 

III.  Therapy  of  Potassium  Excesses 

h  „„  . .  » 

css  s,*su“  to *  i- «« 
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than  the  total  amount  that  determines  the  gravest  of  the  toxic  manifesta¬ 
tions,  i.e.,  cardiac  standstill.  There  are  no  data  to  suggest  that  increases  in 
either  the  total  amount  or  the  concentrations  of  cell  potassium  are  deleteri¬ 
ous  in  any  gross  sense,  though  certainly  the  last  word  on  this  point  has  by 
no  means  been  said.  In  general  terms  the  elevated  concentrations  of  extra¬ 
cellular  potassium  can  be  treated  by  the  following  methods,  alone  or  in 
combination:  a)  expanding  the  volume  of  body  fluids,  b)  removing  extra¬ 
cellular  potassium  by  transfer  into  cells,  by  excretion  via  the  urine,  by  gas¬ 
trointestinal  or  peritoneal  lavage,  by  exchange  resin  enemata,  or  by  vivo- 
dialysis,  and  c)  using  known  antagonists  of  potassium,  i.e.,  calcium  salts 
and/or  digitalis.  The  particular  method  employed  will  be  determined  by 
the  etiology  of  the  excesses,  the  status  of  the  patient,  and  the  means  avail¬ 
able.  This  will  be  illustrated  in  the  discussions  which  follow.  Obviously, 
irrespective  of  the  method  or  methods  used,  all  intake  or  administration  of 
exogenous  potassium  ions  in  food,  medications,  or  fluids  should  be  stopped. 


A.  Correction  by  Expansion  of  Body  Water 

The  administration  of  solutions  which  contain  no  potassium,  i.e.,  glucose 
or  sodium  chloride  in  water,  will  prove  most  effective  in  these  patients  in 
whom  the  hyperkalemia  is  significantly  related  to  dehydration.  This  not 
only  lowers  the  concentrations  by  dilution  but  also  permits  transfers  of 
potassium  into  cells  during  the  correction  of  dehydration.  In  addition  the 
restoration  of  circulatory  efficiency  by  virtue  of  adequate  fluid  replacement 
and  the  concomitant  use  of  colloids  will  permit  the  renal  excretion  of  this 
ion  to  increase.  This  type  of  response  can  be  expected  to  correct  the  liy- 
pei  kalemia  soon  in  dehydrated  infants  who  have  had  diarrhea,  in  patients 
with  diabetic  coma,  and,  though  specific  adrenocortical  replacement  should 
be  added  as  well,  in  adrenocortical  insufficiency  (29a-c).  Patients  with  renal 
shutdown  on  the  basis  of  lower  nephron  nephrosis  or  potassium  intoxication 
as  a  result  of  renal  insufficiency,  will  be  helped  only  to  the  degree  that  de¬ 
hydration  is  a  contributing  factor,  and  to  the  extent  that  the  body  fluids 

can  lie  expanded  with  potassium  free  solutions  without  precipitating  other 
derangements  (30a-d). 


B.  Correction  by  Removal  of  Extracellular  Potassium 

I.  Transfer  into  cells.  It  has  been  pointed  out  that  the  cancellation  of 
dehydration  will  permit  the  re-entry  into  cells  of  potassium  previously  re- 
eased  to  mitigate  extracellular  fluid  deficits.  In  diabetic  acidosis  and  coma 
the  restoration  of  carbohydrate  metabolism  may,  by  analogy  with  the  blood 
cell  system  and  brain  slices  (31a),  increase  cell  potassium  In  addition  the 
deposition  of  liver  glycogen  and  of  tissue  protein  abstract  extraceLw 
potassium.  Similar  transfers  to  cells  will  of  course  occur  hi 
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during  the  repair  phase  following  food  deprivation  and  losses  of  cell  proto¬ 
plasm,  irrespective  of  the  cause.  Again,  insofar  as  these  processes  may  be 
factors  in  patients  with  renal  failure  and  potassium  intoxication,  we  can 
expect  that  measure  of  relief  by  transfers  as  a  consequence  of  appropriate 
remedial  procedures. 

However,  usually  glucose  and  insulin  therapy  are  considered  and  under¬ 
taken  in  these  patients,  irrespective  of  these  other  factors  which  have  been 
mentioned,  because  of  the  knowledge  that  these  measures  in  combination 
can  lower  the  extracellular  potassium  in  normal  and  abnormal  subjects. 
In  this  laboratory  studies  of  serum  potassium  following  the  administration 
of  only  glucose  indicate  that  the  potassium  frequently  does  not  drop  and 
often  may  even  rise  5  on  the  other  hand  the  decrease  occuis  quite  unifoimly 
with  insulin  administration,  alone  or  with  glucose  (31b).  Hence,  both 
should  be  used.  Unfortunately,  this  treatment  cannot  be  relied  upon  to  pro¬ 
duce  or  to  maintain  enough  of  a  decrease  to  afford  more  than  transient  re¬ 
lief,  if  that.  . 

2.  Urinary  excretion.  It  is  evident  from  the  preceding  discussion  that 

this  means  of  alleviating  potassium  intoxication  is  open,  in  the  main,  only 
to  those  patients  with  dehydration,  sodium  depletion,  or  other  forms  of 
circulatory  inefficiency,  but  with  otherwise  intact  kidneys.  With  such  pre- 
renal  components  corrected,  excretion  of  this  ion  will  rise  sufficiently  to 
restore  levels  to  normal.  The  only  forms  of  renal  disease  m  which  one  can 
hope  to  see  this  same  result  are  those  with  a  superimposed  circulatory 
defect,  and  those  which  fall  into  the  category  of  resolving  lower  nephron 
nephrosis.  Mercurial  and  other  diuretics  can  be  expected  to  be  effective 
only  in  those  patients  with  kidney  tubules  that  arc  morphologically  and 

fU':s  " Gastrointestinal  anil  peritoneal  lavage.  Potassium  removal  by 
these  means  can  be  effective  or  quite  disappointing,  depending  in  great 
measure^upon  the  mechanics  of  the  individual  procedure.  Thus,  one  of  us 
rr  s  D  )  has  tried  gastric  lavage  for  eight  hours  and  removed  only  a  feu 

cation  exchange  resins.  Peritoneal  ^  ^  ^  procedures, 
teriorized  bowel  loop,  the  most  complicate  <’  a-h  ()Cclusion 

It  can  be  quite  successful  if  bacteria  mfec 10 n  pH  d  n  <1  ^ 

of  drains  by  the  mesentery  are  avoided.  Ihese  tccmuc 

greater  detail  in  chapter  2jb  ministration  of  exchange  resins  not 

^  “himtiniment  the  fecal  output  of  this  ion. 
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route  of  administration  is  available,  however,  only  in  those  patients  with 
impending  potassium  excess,  since  the  depletion  is  slowly  produced  and 
since  in  patients  that  develop  intoxication  intake  per  os  is  often  limited. 
Elkinton  and  others  have  found  that  carboxylic  cation  exchange  resins  in 
the  hydrogen  or  ammonium  form  used  as  high  retention  enemas  (33a-d) 
are  effective  in  producing  prompt  lowering  of  extracellular  potassium.  One 
of  the  cases  is  illustrated  in  figure  9-7. 

The  enema  should  consist  of  25  to  40  grams  of  resin  suspended  in  250  to 
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Fig.  9-7.  Cation  Exchange  Resin  per  Rectum  in  the  Treatment  ok 
Potassium  Retention  in  Acute  Renal  Failure 

IhcVrs'tlwl  T*™  T6  rem0Ved  by  means  of  wsin  enemas  during 

,  h'°  la>s  of  ,,1ns  therapy ,  with  correction  of  the  hyperkalemia  The  calcu- 
ated  decrease  ...  total  extracellular  potassium  is  compared  with  the  progressive 

el  al™3 *a).“  ’  “  “  P°taSSiUm  durin*  th»  process.  (From  Elkiuton 
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400  milliliters  tap  water,  injected  with  a  bulb  syringe  through  a  large  rectal 
tube  as  high  as  possible  into  the  colon.  The  patient  should  be  encouraged  to 
hold  the  enema  as  long  as  possible;  two  or  three  such  enemas  may  be  given 
per  day,  as  indicated  by  the  changing  resin  level  of  the  ion  or  the  pattern 
of  the  electrocardiogram.  Up  to  76  milliequivalents  of  potassium  per  day 
have  been  removed  in  this  manner. 

When  the  patient  cannot  retain  the  enema,  resin  may  be  given  by  mouth 


Patient:  R.F.,  Anuria  (acute  glomerulonephritis) 


Therapy : 


Resin  ( per  rectum ) 


Date  : 


2/14 


7.2 

2/23 


5.3 

2/26 


Patient:  M.G.,  Anuria  (acute  hemolytic  reaction ) 


T  herapy : 


Lead 

2 


Digitoxin 


Serum  K  :  6.8 

Date:  I  /  ei 


1/23 


I  /24 
Death 


/ 


Fig.  9-8.  Electrocardiographic  Tracings  Associated  with  Hyperkalemia  in 

Acute  Renal  Failure 

In  Patient  R.  F.  (above),  the  peaking  of  the  T  wave  in  association  with  the  hyper¬ 
kalemia  is  apparent  only  from  examination  of  serial  tracings.  The  serum  K  level  and 
the  ECG  abnormality  responded  to  treatment  with  resin  enemas. 

In  Patient  M.  G.  (below),  there  was  little  ECG  evidence  of  the  hyperkalemia  on 
1/21  and  the  administration  of  digitoxin  may  have  obscured  a  rise  in  T  waves  on 
1/23  leading  to  a  false  sense  of  security.  On  1/24  the  ECG  showed  the  extreme  effec  s 
,,f  hvnerkalemia  (widening  of. the  QRS  complex  and  fusion  with  the  T  wave).  This 
sudden  change  is  a  demonstration  of  the  great  rapidity  with  which  hyperkalemia  may 
develop  Despite  intravenous  glucose  and  insulin  the  patient  died  suddenly  wh  e 
preparations  were  being  made  for  dialysis.  Serum  K  subsequently  determ,  , 

vealed  a  level  of  10.8  mEq./l.  (From  Bluemle  and  Elkinton  (37a).) 
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or  by  tube  into  the  stomach  when  vomiting  does  not  prevent.  But  resin 
so  given  into  the  upper  end  of  the  intestinal  tract  is  not  as  efficient  in 
picking  up  potassium  ion  as  when  placed  in  the  large  bowel.  I<  or  this  reason 
administration  of  the  resin  by  enema  is  preferable  in  this  condition.  As 
might  be  expected  this  is  not  always  initially  successful  and  may  require 
repeat  attempts.  Care  must  be  taken  not  to  use  an  exchanger  precharged 
with  potassium  of  the  type  devised  for  relief  of  edema. 

5.  Vivodialysis.  In  institutions  where  an  artificial  kidney  is  available 
hyperkalemia  can  be  promptly  relieved  by  dialysing  the  patient,  lo  a\oid 
undesirable  depletion  or  input  of  ions  the  dialysing  solutions  must  appioxi- 
mate  the  ideal  extracellular  fluid  save  that  potassium  is  left  out  or  used  in 
lower  than  average  normal  concentrations.  This  difference  in  concentration 


O*oth  within  24  hrs  •  ,  Death  more  thon  24  hr*  later  ® 

Recovery  ® 

Fig.  9-9.  Sebum  Potassium  Levels  in  26  Patients  with  Renal  Insufficiency 

and  Azotemia 

More  values  are  above  than  below  the  normal  range  and  the  trend  in  a  majority 
of  the  cases  is  upward.  Great  variation  is  evident  in  the  rate  of  rise  of  the  potassium 
concentrat,™.  The  degree  of  the  hyperkalemia  correlated  well  with  the  de“ 

Elkin!  c^U37b  c).l  Same  Rr°UP  °f  Pati°ntS  **'  ,2-8)'  (Fr°m  the  **  •» 


232 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


gradients  removes  potassium  and  simultaneously  corrects  any  other  deficits 
or  excesses  which  may  be  present  (34a-e).  Incidentally,  aside  from  surgical 
asepsis  within  the  apparatus  and  in  the  actual  connections  to  the  patient, 
the  dialysis  bath  itselt  need  not  be  sterile  since  bacteria  cannot  traverse  the 
intact  cellophane  membrane.  However,  there  are  many  other  problems 
inherent  in  the  use  of  an  artificial  kidney  and  hence  the  entire  subject  is 
treated  in  detail  in  a  separate  chapter,  number  25,  entitled  “Vivodialysis.” 

6.  Known  antagonists  of  potassium.  Animal  and  clinical  studies  have 
identified  but  two  specific  antagonists  of  potassium  insofar  as  its  cardiotoxic 
effects  are  concerned.  These  are  calcium  salts  and  digitalis  (35,  30a,  b). 
They  each  tend  to  cancel  the  cardiac  standstill  produced  by  Kr  excesses. 
Incidentally,  this  is  in  keeping  with  the  known  synergism  of  calcium  and 
digitalis,  the  beneficial  effects  of  potassium  in  digitalis  intoxication,  and  the 
appearance  of  digitalis  intoxication  in  patients  who  develop  potassium 
deficits  while  on  maintenance  amounts  of  this  drug.  Sodium  chloride  has 
been  also  used  as  an  antidote,  but  the  mechanism  of  beneficial  action,  if 
elicited,  is  unknown. 


Summary:  Excesses  of  water  producing  hypotonicity  can  be  treated  in 
the  anuric  by  withholding  water  or  by  vivodialysis  via  an  artificial  kidney 
with  a  positive  filtration  pressure.  In  hypotonicity  of  the  type  which  repre¬ 
sents  resetting  of  volume  and  osmoreceptors  the  only  possibly  effective  ap¬ 
proach  is  one  directed  at  the  underlying  disease  whether  it  be  congestive 
heart  failure,  cirrhosis,  or  nephritis.  Sodium  administration  is  of  value  in 
hypotonicity  only  when  sodium  depletion  is  present. 

Therapy  of  sodium  or  potassium  excesses  involves  restriction  of  intake 
and  augmentation  of  the  removal  of  these  cations  via  the  gastrointestinal 
tract  by  irrigation  or  cation  exchange  resin  administration  and  via  the  kid¬ 
ney  by  means  of  diuretics.  In  the  case  of  potassium,  excesses  in  extracellular 
fluid  can  also  be  decreased  by  transfers  into  cells  or  combatted  by  cal¬ 
cium  and  digitalis.  Finally,  vivodialysis  is  an  extremely  effective  means 
for  correcting  disturbances  in  the  concentrations  and  total  amounts  ot 

these  and  other  body  solutes. 
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Chapter  10 

ANION-CATION  BALANCE  AND  pH:  PHYSICO¬ 
CHEMICAL  AND  PHYSIOLOGICAL 
MECHANISMS 


I.  Introduction 


The  dynamics  of  anion-cation,  or  acid-base,  balance  and  hydrogen  ion 
concentration  are  inseparable  from  those  of  the  total  ionic  structure  of  the 
body  fluids  as  already  propounded  in  the  preceding  portions  of  this  book. 
Nevertheless  this  aspect  of  the  body  fluids  warrants  separate  and  careful 
consideration  if  the  subject  is  to  be  adequately  understood.  Numerous  at¬ 
tempts  to  purvey  the  fundamental  facts  concerning  anion-cation  relation¬ 
ships  and  hydrogen  ion  concentrations  have  convinced  the  authors  that  the 
majority  of  expositions  of  the  subject  assume  a  background  of  knowledge 
which  most  students  and  practitioners  either  do  not  possess  or  cannot 
recall  with  clarity.  The  result  is  discouragement  which  is  compounded  by 
confusion  as  to  the  precise  definition  of  many  of  the  chemical  and  physio¬ 
logic  terms  employed.  It  would  appear,  therefore,  that  certain  basic 
chemical  concepts  need  to  be  reviewed  and  clarified,  and  their  roles  in  the 


more  complex  biological  system  then  elucidated  with  precision.  For  only 
with  clear  understanding  of  the  basic  principles  can  the  physician  ade¬ 
quately  diagnose  and  treat  disturbances  of  this  category  in  his  sick  patients. 

In  acquiring  such  comprehension  precise  terminology  is  important. 
Many  students,  for  instance,  are  early  confused  by  the  use  of  the  terms 
“acids”  and  “bases”  for  “anions”  and  “cations.”  In  the  field  of  pure 
chemistry  acids  usually  are  defined  as  substances  yielding  protons  or  hy¬ 
drogen  ions  with  a  positive  charge;  it  is  disturbing,  therefore,  to  find  that 
negatively  charged  ions  are  called  “acids.”  The  converse  is  true  of  “bases” 
and  “cations.”  To  avoid  this  confusion  we  have  used  as  consistently  as 
poss'blc  the  terms  “anions”  and  “cations”  rather  than  “acids”  and  bases  ” 
although  in  the  physiological  field  the  latter  terms  have  become  time- 
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honored  synonyms  for  the  former.  Throughout  our  presentation  of  this 
subject  we  have  attempted  to  define  and  to  use  our  terms  carefully  and  as 
an  additional  aid  to  achieving  this  purpose  a  glossary  of  terms  is  appended 
to  portions  of  this  chapter. 

In  these  two  chapters  we  present  what  we  hope  is  a  reasonably  under¬ 
standable  and  integrated  concept  of  the  physicochemical  and  physiological 
processes  involved.  This  includes  the  role  of  the  hydrogen  ion  concentration 
in  the  body  fluids  and  its  physicochemical  regulation  by  a  series  of  buffer 
systems,  and  the  physiological  regulation  and  readjustment  of  these 
buffer  systems  by  organs  of  exchange  with  the  external  environment, 
namely,  the  lungs  and  kidneys.  Subsequently  we  take  up  the  disturbances 
of  this  complex  system  as  they  occur  in  disease  states,  and  attempt  to  indi¬ 
cate  the  main  principles  of  therapy.  For  other  and  more  detailed  expositions 
of  the  whole  subject  the  reader  is  referred  elsewhere  (la-j). 


II.  Hydrogen  Ion  Concentration 


A.  Hydrogen  Ions  in  the  Body  Fluids 

The  reaction  of  the  extracellular  fluids  in  the  body  is  slightly  alkaline, 
i.e.,  the  hydroxyl  ions,  OII~,  somewhat  exceed  the  hydrogen  ions,  H+. 
Compared  to  other  anions  and  cations  the  total  quantities  of  hydrogen  and 
hydroxyl  ions  are  very  small,  hydrogen  ion  concentration  being  of  the  order 
of  magnitude  of  10~7-4  gm.  ions  or  Eq.  per  liter  of  extracellular  fluid  or  be¬ 
tween  one  ten  thousandth  and  one  one-hundred  thousandth  mEq.  per 
liter.  Nevertheless,  their  relative  concentrations,  most  easily  quantitated 
in  terms  of  pH  (see  Glossary),  are  regulated  within  very  narrow  limits.  It 
would  appear,  therefore,  that  the  hydrogen  ion  concentration  of  the  internal 
environment  closely  conditions  cellular  function  and  hence  its  legulation 
is  the  object  of  one  of  the  principal  homeostatic  systems  of  the  body. 

B.  Mechanisms  for  Maintenance  of  Hydrogen  Ion  Concentration 


11+ A"  +  B+Buf- 
IIC1  +  NaHC03 


B+A-  +  IIBuf 
NaCl  +  H2CO3 


(48) 

(49) 
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HC1  +  Na2TIP04  NaCl  +  NaH2P04  (50) 

HC1  +  Nan  Protein  NaCl  +  Na„.,H  Protein  (51) 

The  effect  on  hydrogen  ion  concentration  of  the  addition  of  a  strong  acid 
to  the  solution,  is  therefore  minimized;  the  actual  decrease  in  pH  being  due 
to  the  slightly  increased  dissociation  of  the  weak  acid  as  a  result  of  the 

common  ion  effect: 

HBuf  H+  +  Buf“  (52) 

The  equation  which  is  the  prototype  for  the  effect  on  hydrogen  ion  concen¬ 
tration  of  the  buffer  systems  in  the  body  fluids  may  be  written  thus: 

[II+]  =  k  (53) 

1  J  [Buf-] 

where  k  is  the  dissociation  constant  of  the  acid.  In  other  words,  the  hydro¬ 
gen  ion  concentration  of  a  solution  containing  a  buffer  acid  and  its  salt 
varies  directly  with  the  ratio  of  the  acid  to  the  salt.  This  is  a  physico¬ 
chemical  equilibrium. 

The  buffer  systems  in  the  body  fluids,  which  are  described  in  the  next 
section,  constitute,  therefore,  an  immediate  physicochemical  first  defense 
against  variability  in  the  hydrogen  ion  concentration.  This  defense,  how¬ 
ever,  is  limited  according  to  the  law  of  mass  action  and  hence  over  time 
would  become  progressively  ineffective  were  it  not  for  the  secondary  line 
of  defense,  the  physiological  modification  of  these  buffers  by  the  lungs 
and  kidneys.  The  homeostatic  regulation  of  hydrogen  ion  concentration 
throughout  the  life  of  the  organism  depends  on  the  interplay  of  these  two 
types  of  mechanisms. 

C.  Glossary 

Electrolyte:  a  substance  which  when  dissolved  in  water  produces  a  conducting 
medium,  i.e.,  a  solution  of  dissociated  atoms  or  radicles  (ions)  with  positive 
and  negative  electrical  charges.  Example:  NaCl  Na+  +  CP  KIIC03  ^ 
K+  +  HC07. 

Ion:  a  positively  or  negatively  charged  dissociated  atom  or  radicle  from  an 
electrolyte  in  solution.  Example:  Na+,  CP,  K+,  IIC03'. 

Anion:  a  negatively  charged  ion,  an  atom  or  radicle  with  one  or  more  extra 
elections.  Example:  CP,  HC03 ,  HP04  ,  categorically  symbolized  as  A~. 
Cation:  a  positively  charged  ion,  an  atom,  or  radicle  with  one  or  more  protons 

in  excess  of  electrons.  Example:  H+  Na+,  Iv+,  Ca++  categorically  symbolized 
as  B+. 

Hydrogen  ion:  a  hydrogen  atom  nucleus,  or  proton,  without  its  electron,  and 
therefore  positively  charged.  The  hydrogen  ion  of  a  water  solution  is  hydrated 
with  one  atom  of  water,  is  called  a  hydronium  ion ,  and  is  symbolized  as 
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IF-H20  or  Il30+.  For  purposes  of  simplicity,  however,  hydrogen  ion  in  the 
body  fluids  is  symbolized  as  IF. 

pH:  the  negative  logarithm  to  the  base  10  of  the  hydrogen  ion  concentration: 

pH  s*  -log  [IF]  ^  log  ^ 


As  measured  electrometrically,  pH  is  really  a  close  approximation  of  the 
logarithm  of  the  reciprocal  of  H+  activity,  not  H+  concentration. 

The  “hydrogen  potenz”  refers  to  the  relative  proportions  of  H+  and  OH- 
ions  on  a  scale  of  1  to  14.  At  pH  7  equal  amounts  are  present;  above  that 
OH-  predominates,  below  IF  is  in  excess.  This  scale  of  arbitrary  units  per¬ 
mits  ease  of  treating  the  extremely  small  quantities  involved.  The  normal 
physiological  range  of  H+  concentration  is  10-7-35  to  10-7<5  Eq.  per  liter;  or 
7.35  to  7.45  pH  units. 

Acid:  in  physiologic  use,  an  anion;  in  the  strictly  chemical  use,  a  substance 
which  in  solution  yields  a  predominance  of  hydrogen  ions  or  protons,  i.e.,  a 
proton  donor:  HA  +  IFO  < —  ’  A-  +  H+-H20. 

Base:  in  physiologic  use,  a  cation ;  in  chemical  use  a  substance  which  in  solution 
yields  a  predominance  of  hydroxyl  ions  or  is  a  proton  acceptor: 

BA  +  H20  HA  +  B+  +  OH-. 

Weak  acid:  a  proton  donor  with  a  low  dissociation  or  ionization  constant. 
Example:  H2C03  <  H+  +  HC03 . 

Buffer  system:  the  salt  of  a  weak  or  poorly  ionized  acid  and  the  weak  acid  itself. 
When  a  stronger  acid  is  introduced  into  such  a  solution  it  reacts  with  the 
salt  to  form  the  weak  acid,  thereby  minimizing  or  “buffering”  the  increase  of 
IF  ions  which  would  otherwise  occur.  Example:  see  equations  48-51.  Buffer 
systems  can  also  be  formed  from  weak  alkali,  Buf  OH,  and  salt,  Buf+  Cl  . 


III.  Buffer  Syst  ems:  Physicochemical  Regulation  Of  pH 

The  principal  buffer  systems  in  the  various  phases  of  the  body  fluids  are 
presented  in  figure  10-1.  These  consist  primarily  of  bicarbonates,  proteins, 
and  phosphates,  although  many  other  substances  dissociates  into  weak 
acidsPare  involved  to  a  minor  degree.  The  physicochemical  characteristics 
of  the  buffers  of  whole  blood  (red  cells  plus  plasma)  are  best  undeistood 
since  this  portion  of  the  body  fluids  is  the  most  readily  available  for  analy¬ 
sis  From  this  system,  however,  indirect  information  can  . 10  , 

cerning  buffer  equilibrium  in  the  interstitial  fluids  and  in  the  fluids  of 
tissue  rails  since  the  buffers  of  each  phase  are  constantly  reacting 
those  of  adjacent  phases,  as  shown  in  the  figure.  The  hydrogen ^con¬ 
centration  and  the  associated  anion-cation  balance  of  t  . 

longer  be  considered  in  terms  of  the  equilibrium  of  blood  alone. 
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Phoses 


Buffer  Prototype  :  Bicarbonate  ,  Protein  ,  Phosphate 

systems  HBuf  h2co3  HProt  bh2po4 

B+Buf "  :  B^HCOj  ’  B+Prot“  ’  B|HP04_ 

Fig.  10-1.  The  Principal  Buffer  Systems  in  the  Various  Phases  of 

the  Body  Fluids 

The  bicarbonate  system  is  quantitatively  the  largest  in  the  extracellular  fluid 
(plasma  and  interstitial  phases).  Protein  systems  predominate  in  red  cells  (as  hemo¬ 
globin)  and  in  tissue  cells  as  well  as  in  plasma.  The  phosphate  system  is  small  in  ex¬ 
tracellular  fluid;  in  red  cells  as  organic  phosphate  and  in  tissue  cells  it  is  of  greater 
quantitative  significance. 


A.  The  Carbonic  Acid-Bicarbonate  Buffer  System 

This  is  the  major  buffer  system  in  extracellular  fluid  and  red  cells  and 
probably  functions  to  a  lesser  extent  in  tissue  cells  as  well.  It  is  peculiarly 
adaptable  to  the  regulation  of  hydrogen  ion  concentration  in  the  living 
organism  because  of  the  constant  availability  of  carbon  dioxide  from  cel¬ 
lular  metabolism  and  because  of  its  easily  adjustable  excretion  through 
the  respiratory  tract.1  The  hydrogen  ion  concentration  of  this  buffer 
system,  as  formulated  in  equation  53,  was  expressed  classically  by  Hender¬ 
son  (2b)  as  follows: 


HTl+  —  u  [H2CO3] 
lHJ  “  k  [B+HCOr] 


(54) 


in  which  L  is  the  apparent  dissociation  constant  of  carbonic  acid  and  B+  is 
the  cation  dissociated  from  the  bicarbonate  salt.  This  equation  of  Hender¬ 
son’s  was  converted  by  ITasselbalch  (2c)  to  its  more  commonly  used 


1  L.  J.  Henderson  (2a)  has  suggested  that  one  of  the  prime  characteristics  of  en¬ 
vironment  on  this  planet  which  facilitated  development  of  living  processes  was  the 
presence  of  large  amounts  of  carbon  dioxide.  CO,  is  a  gas  at  ph/siological  tempera^ 

wate;  CO  +SH  0  -  H  COqU;?rnd  iS  hyf rated  tU  Carbonic  acid  in  the  presence  of 
.  ’  -+  .H: r~  Il2.C°3  •  It  thus  provides  an  ideal  substance  for  a  strong  buffer 

sjstem  against  wide  variations  in  hydrogen  ion  concentration.  (See  chapter  2.) 
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logarithmic  form: 


pH  =  pl</  +  log 


[B+HCOr] 

[II2CO3] 


{55) 


where  pK',  as  the  logarithm  of  the  apparent  dissociation  constant  of  car¬ 
bonic  acid  activity,  has  a  value  of  6.1. 

This  buffer  system,  as  formulated  in  equation  54,  is  really  a  steady  state 
of  disequilibrium  maintained  in  the  presence  of  a  large  constant  cellular 
metabolic  production,  transport,  and  respiratory  excretion  of  carbon  diox¬ 
ide,  whose  daily  turnover  is  several  hundred  times  as  great  as  the  other 
“structural”  electrolytes  of  the  body  fluids  (see  table  23-1).  rl  he  concen¬ 
trations  of  carbonic  acid,  H0CO3 ,  and  of  bicarbonate,  BIICO3 ,  in  a  ratio  of 
approximately  1:20  are  determined  respectively  by  pulmonary  excretion 
and  by  the  renal  regulation  of  the  relative  concentrations  of  “fixed”  cations 
and  “fixed”  anions  in  the  extracellular  fluid.  Thus  organs  of  exchange  with 
the  external  environment  are  physiological  regulators  of  this  major  physico¬ 
chemical  buffer  system  (figure  10-2). 

The  concentration  of  carbonic  acid  in  plasma  is  a  function  of  the  partial 
pressure  of  the  gas,  PCo2 ,  in  the  pulmonary  alveoli;  variations  in  alveolar 
Pco„,  due  to  increased  or  decreased  degrees  of  ventilation,  result  in  cor¬ 
responding  changes  in  the  concentration  of  carbonic  acid,  H2C03 ,  m 
plasma  and  in  the  other  phases  of  the  body  fluids.  Such  primary  altera¬ 
tions  in  PC02  lead  to  the  so-called  “respiratory”  disturbances  of  amon- 
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Fig.  10-3.  Constituents  in  Anion-Cation  and  pH  Pattern  of  Plasma 
The  diagram  is  constructed  after  the  manner  of  Gamble  with  the  left-hand  column 
showing  cations  or  “bases”  and  the  right-hand  showing  anions  or  “acids.”  Since 
carbonic  acid,  H2CO3  ,  essentially  is  un-ionized  or  undissociated,  it  is  shown  un¬ 
divided  at  the  top  and  its  concentration  should  be  expressed  in  mM.,  and  not  mEq., 
per  liter.  The  concentrations  of  free  H  and  OH-  ions  are  so  small  that  they  cannot  be 
shown  graphically;  of  the  two  ions  the  latter  predominates  at  the  slightly  alkaline 
pH  of  7.35-7.45.  Buffer  anion,  Buf-,  and  its  equivalent  buffer  cation,  BB+,  is  propor¬ 
tionately  smaller  in  plasma  than  in  whole  blood  because  of  the  greater  concentration 
of  protein  (hemoglobin)  in  the  red  cell. 


cation  balance.  The  extracellular  concentration  of  bicarbonate,  HCO-T,  on 
the  other  hand,  is  determined  by  the  excess  of  the  sum  of  fixed  cations, 
(Na+  +  K+  +  Ca++  +  Mg++),  over  the  sum  of  the  fixed  anions  (Cl-  + 
SO4  +  organic  acids)  plus  the  protein  and  phosphate  buffer  anions 
(fig.  10-3).  Bicarbonate  thus  holds  what  Gamble  has  so  aptly  called  the 
“mendicant”  position  among  extracellular  electrolytes.  Any  renal,  gastro¬ 
intestinal,  or  metabolic  process  which  alters  the  relative  concentrations  of 
these  other  cations  and  anions  may  produce  a  change  in  the  concentration 
of  bicarbonate,  these  are  primary  changes  in  bicarbonate  concentrations 
that  lead  to  “metabolic”  disturbances  of  the  anion-cation  balance;  their 
exact  effect  on  the  hydrogen  ion  concentration  of  blood,  however,  must  be 

assessed  in  terms  of  the  non-bicarbonate,  as  well  as  the  bicarbonate  buffer 
systems. 

B.  Protein  and  Phosphate  Buffer  Systems 

J!r  °th7  bufer  ems  of  quantitative  importance  in  the  body  fluids 
aie  those  of  protein.  Ihese  consist  of  amphoteric  protein  in  red  cells'  (hemo- 
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globin),  in  plasma  (albumin  and  globulin),  and  in  tissue  cells;  except  for 
lymph,  essentially  no  protein  is  present  in  interstitial  fluid  (fig.  10-1).  Mono- 
or  dihydrogen  phosphate  ions  are  present  in  the  extracellular  fluid  phases 
in  quantities  which  are  insignificant  in  relation  to  bicarbonate  and  protein ; 
in  red  cells  and  tissue  cells  they  must  play  a  somewhat  larger  role.  These 
buffer  systems  are  in  linked  equilibria  with  each  other  and  with  the  carbonic 
acid-bicarbonate  system,  donating  and  accepting  hydrogen  ions  or  protons 
according  to  the  physicochemical  laws  expounded  above.  Secondarily  they 
are  modified  by  the  physiological  action  of  the  lungs  on  carbonic  acid 
and  of  the  kidneys  on  the  bicarbonate  and  phosphate  (fig.  10-2). 


C.  Use  of  the  Buffer  Syste?ns  of  Whole  Blood  to  Assess  the  Total  Anion- 
Cation  Balance  of  the  Body 


At  any  given  point  in  time  the  anion-cation  balance  and  pH  of  the  body 
fluids  can  be  assessed  by  chemical  measurement  of  the  components  of  these 
buffer  systems  in  certain  of  the  body  fluid  phases.  Although  the  phases 
available  for  sampling  are  restricted  to  the  red  cells  and  plasma,  the  findings 
give  valid  information  for  the  body  as  a  whole  because  of  the  physico¬ 
chemical  inter-reactions  between  the  several  phases  and  their  buffer  sys- 


tG  In  the  past,  the  “metabolic”  changes  in  anion-cation  balance  have  usually 
been  assessed  solely  in  terms  of  the  concentration  of  bicarbonate  in  plasma. 
This  has  approximate  validity  since  the  carbonic  acid-bicarbonate  buffer 
system  is  quantitatively  the  predominant  one  in  extracellular  fluid.  More¬ 
over  changes  in  the  total  C02  content  of  plasma,  which  is  the  common  bio¬ 
chemical  determination,  usually  indicate  changes  in  the  concentration  o 
the  bicarbonate  ion.  This  is  due  to  the  fact  that  the  other  portion  of  the 
total  C02 ,  the  carbonic  acid,  constitutes  only  1.3  mM.  per  liter  compared 
to  the  24  to  29  mM.  or  mEq.  per  liter  of  bicarbonate.  Changes  m  total 
C02  content  of  more  than  2  to  3  mM.  per  liter  beyond  the  normal  range 
therefore  must  indicate  change  in  the  bicarbonate  ion  concentration.  With 
"turn  alone  the  corresponding  change  in  II2C03  concentration,  or 
P  can  only  be  guessed  from  the  clinical  circumstances. 

P°As  Singer  and  Hastings  (Ig)  have  pointed  out,  the  use  of  the  concentra- 
(  ,  ,  rif)  ..  bicarbonate  ion  alone  provides  an  incomplete  ant 

under  changing  levels  "  1  ‘  .injon_cation  equilibrium,  therefore,  is  ac- 

rurately'q— e'd  only  in  is^ncUrded 

:“pr^ne ' ToThetaUor^'uLlent  of  these  buffer  anions,  Singer 
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Fig.  10-4.  The  I(our  Main  Types  of  Anion-Cation  Disturbance,  as 
Determined  in  Arterial  Whole  Blood 

These  are  presented  schematically  in  terms  of  the  respiratory  variable,  carbonic 
acid  concentration  or  pressure  of  carbonic  dioxide,  and  the  metabolic  variable,  buffer 
anion  or  its  cationic  equivalent.  The  former  is  plotted  above  the  line  in  black  and  is 
quantitated  in  units  of  mM.  per  liter  of  H2C03  above  to  the  left  and  in  units  of  mm. 
Bgl  co,  above  to  the  right.  The  concentration  of  buffer  anion  or  its  cationic  equiva¬ 
lent  BB  ,  is  plotted  downwards  in  mEq.  per  liter  and  is  composed  of  the  two  anions 
bicarbonate  and  proteinate.  The  pH  values  corresponding  to  each  type  are  shown 
below  the  columns.  The  relative  changes  in  the  two  buffer  anions,  bicarbonate  and 
proteinate  composing  the  total  buffer  anion  or  its  cationic  equivalent  are  indicated 

lamTd  P  r  '  ,V0Se  Vaury,reciProcally  in  the  respiratory  disturbances  anil  in  the 
same  direction  in  the  metabolic  disturbances. 

For  clear  delineation  of  the  primary  alterations,  secondary  or  compensatorv 
changes  are  not  shown.  (Modified  from  Gamble  (la) .)  mpensatory 

and  Hastings  have  given  the  name  buffer  base  (which  is  designated  by  the 

' ln,;"  fisures  10-3  and  ,0-4).  We  prefer  to  think  of  BB+  however 

Z Xl™ 'ZrZ  Tet  f  °nS'  ““  this  the  undesirable 

base.  Buffer  cation  is  the  equivalent  of  the  buffer  anion  (Buf-): 

(BB+)  =  [HCOJ]  +  [Protein-]  +  [Phosphate-]  o  [Buf-]  (66) 
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or  can  be  calculated  as  the  difference  between  the  fixed  cations  and  the 
fixed  acids, 

[BB+]  =  [B+]  -  [A-]  [Buf-]  {57) 

The  calculation  of  the  two  major  variables,  carbonic  acid  and  buffer  base,  in 
the  anion-cation  equilibrium  of  the  blood  is  an  essential  diagnostic  procedure  in 
clinical  medicine.  Actually,  five  factors  characterize  the  pattern  of  arterial 
blood:  relative  cell  volume  (hematocrit),  pressure  of  CO2  (Pco2)  or  concentra¬ 
tion  of  carbonic  acid  (H2C03),  hydrogen  ion  concentration  (pH),  plasma  or 
whole  blood  total  C02  content  (i.e.,  C02 ,  II2C03 ,  and  HCO3),  and  whole 
blood  buffer  base  concentration  (BB+).  Given  the  hematocrit  value,  the  pH  of 
plasma,  and  the  whole  blood  or  plasma  C02  content  [C02lb  or  P  ,  the  pressure  of 
carbon  dioxide  (Pco2)  in  mm.  Ilg  or  the  concentration  of  II2C03  in  millimol 
per  liter,  and  the  concentration  of  whole  blood  buffer  base,  [BB+]b ,  can  be 
readily  calculated  from  the  Singer-Hastings  nomogram  (fig.  10-5).  For  example 
if  given: 

Hematocrit .  40  % 

pH .  7-24 

[COJb . _ .  15  mM.  per  1. 

Then  from  the  nomogram  shown  in  figure  10-5: 

p  _  38  mm.  Hg  (normal) 

[BB]b  .  37  mEq.  per  1.  (low) 

This  defines  a  primary  buffer  base  deficit  or  metabolic  acidosis  since  only  the 
buffer  base  concentration  has  changed.  The  range  of  normal  values  (lg)  for 

these  two  factors  is:  35-45  mm.  Hg 

[BBlb. ^  46-52 

These  values  are  for  arterial  blood  with  a  normal  hematocrit  value.  It  should 
be  noted  that  the  respiratory  factor  is  calculated  in  this  example  in  units  o 
mm  Hg  of  pressure  of  carbon  dioxide  (Pco2)  rather  than  m  milhequivalents 
per  liter  of  carbonic  acid  concentration  ([H2C031).  Since  the  latter  is  so  small 
in  relation  to  the  concentration  of  buffer  base  (fig.  10-3),  it  is  more  practical  in 
clinical  usage  to  express  the  respiratory  factor  as  mm.  Ilg  of  1  co2 . 

The  measurements  from  which  the  calculation  of  the  values  for  I  co.  and 
buffer  base  are  made  are  the  hematocrit,  pH,  and  C02  content.  These s  m  j 
mad^  by  ^icro-technics  on  cutaneous  blood  (finger  prick)  artenahzed  by  the 
prior^ ^warming  oTthe  hand  in  a  water  bath  (lg.  3a,  b).  This  method  grea% 
facilitates  the  accurate  assessment  of  the  acid-base  balance  in  nia"y  Pa  '  ^ 

If  arterial  blood  is  not  readily  available,  venous  samples  may  e  u 
appropriate  nomogram. 

Thn,  from  a  sample  of  arterial  or  arterialized  whole  blood  the  state  of 
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Fig.  10-5.  Nomogram  or  Line-Chart  for  the  Acid-Base  Balance  of 

Human  Blood  at  37°C. 

For  oxygenated  blood  (scales  1  to  5)  a  straight  line  through  points  given  on  two  of 
the  scales  intersects  the  remaining  scales  at  simultaneously  occurring  values  of  the 
other  variables.  The  position  of  this  line  indicates  the  kind  and  magnitude  of  any 
disturbance  of  the  acid-base  balance  For  venous  blood  or  blood  with  an  oxygen  satu¬ 
ration  of  less  than  90%,  the  true  values  of  whole  blood  C02  and  BB+  may  differ  from 
those  obtained  by  the  nomogram  rarely  by  more  than  2mM/L  or  3  mEq/L  respec¬ 
tively.  Scales  5,  G  and  7  may  be  used  to  correct  for  this  effect  of  oxygen  unsaturation. 
Hie  normal  range  is  for  arterial  blood.  (From  Singer  and  Hastings  (lg).) 
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units.  Insofar  as  acidosis  is  equated  with  increased  hydrogen  ion  concen¬ 
tration  or  decreased  pH,  and  alkalosis  is  equated  with  the  opposite  changes 
in  hydrogen  ion  or  pH,  the  diagnosis  is  made  directly.  For  the  understand¬ 
ing  and  treatment  of  disease  processes,  however,  it  is  at  least  equally 
important  to  determine  the  physiological  factors  which  led  to  the  anion- 
cation  disturbance.  These  can  be  assessed  for  the  whole  blood  sample  in 
terms  of  the  two  major  primary  variables:  1)  the  concentration  of  carbonic 
acid,  [II2CO3],  or  its  equivalent,  the  pressure  of  carbon  dioxide,  Pc02 ,  and 
2)  the  concentration  of  buffer  anion,  [Buf~],  (composed  of  bicarbonate  plus 
protein  anion),  or  its  cationic  equivalent,  [BB+].  Since  the  former  component 
is  physiologically  regulated  by  the  pressure  of  carbon  dioxide  in  the  pul¬ 
monary  alveoli,  and  the  latter  component  is  conditioned  by  metabolic, 
gastrointestinal,  and  renal  exchanges,  quantitation  of  these  two  factors 
provides  clues  to  the  type  of  physiological  disturbances  of  the  anion-cation 
balance  which  have  occurred  prior  to  the  time  of  sampling. 

The  relationship  of  these  factors  and  their  primary  paths  of  disturbance 
in  disease  are  shown  in  figure  10-4.  Primary  retention  or  excess  of  H2C03 
leads  to  a  so-called  respiratory  acidosis  (a),  while  primary  deficit  of  H2CO3 
causes  a  respiratory  alkalosis  ( b ).  Primary  deficit  of  buffer  (due  either  to 
reduction  in  fixed  cations  or  to  an  increase  in  fixed  anions,  or  both)  results 


in  a  metabolic  acidosis  (c) ;  primary  excess  of  buffer  (due  to  a  relative  in¬ 
crease  of  fixed  cations  over  fixed  anions)  leads  to  a  metabolic  alkalosis  (d). 
These  primary  disturbances  may  be  mixed  in  that  in  the  same  subject  the 
respiratory  and  the  metabolic  factors  may  have  undergone  primary 
changes  simultaneously  and  independently.  More  commonly,  however,  a 
primary  change  in  one  variable  leads  to  a  secondary  change  in  the  other. 
For  example,  primary  retention  of  H2CO3  by  the  emphysematous  lung  leads 
eventually  to  a  secondary  renal  response  consisting  of  the  excretion  of  the 
fixed  anion,  chloride,  and  an  increase  in  buffer  cation.  Also  primary  met¬ 
abolic  deficit  of  buffer  base,  as  in  diabetic  acidosis,  will  be  associated 
with  a  secondary  deficit  of  H2C03 ,  achieved  by  hyperventilation  or  the 
Kussmaul  type  breathing.  Such  secondary  changes  effect  a  more  proper- 
donate  distribution  among  the  different  factors  of  the  buffer  systems  and 
are  “compensatory”  in  the  sense  that  they  always  minimize  the  change  in 
pH  Occasionally  the  secondary  change  so  completely  counteracts  the  pri¬ 
mary  change  that  the  pH  is  restored  to  the  normal  range;  in  such  a  case  the 
diagnosis  of  which  is  the  primary  process  must  be  made  from  clinica  ,  no 

^Thrae'di&tarbances  in  anion-cation  balance  are  discussed  in  more  detail 
in  The  next  chapter.  Before  turning  to  that  subject  it  is  necessary  to  con- 
^er  the  mechamsms  of  physiological  regulation  of  anion-cation  balance 
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by  the  organs  of  exchange 
the  Glossary : 


with  the  external  environment,  and  to  complete 


7).  Glossary  (< continued ) 

Buffer  anion:  anions  accepting  protons  or  hydrogen  ions  in  the  several  buffer 
systems  (HCOJ,  protein,  HPO,-);  in  whole  arterial  blood  the  sum  of  these 
anions  is  our  index  of  the  metabolic  or  nonrespiratory  primary  variable  of 

the  anion-cation  balance.  . 

Buffer  cation:  the  sum  of  the  cations  equivalent  to  the  buffer  anion. 

Buffer  base:  the  same  as  buffer  cation  and  equivalent  to  the  buffer  anion,  theie- 
fore  like  the  latter  is  used  as  an  index  of  the  metabolic  variable  of  the  anion- 

cation  balance. 

Total  C02  content:  all  of  the  C02  which  on  acidification  can  be  extracted  from 
serum  or  whole  blood  without  loss  or  gain  of  room  gases.  It  consists  of  the 
total  concentration  of  the  C02  in  solution  as  such,  of  carbonic  acid,  of  bi¬ 
carbonate  (and  in  red  cells  of  carbamino-CCh).  This  total  value  is  often  gi\  en 
in  volumes  per  cent  and  is  convertible  to  millimols  per  litei  b^  multiply  ing 
by  the  factor  0.45,  or  dividing  by  2.22.  The  bicarbonate  component  of  the 
total  C02  content,  in  terms  of  milliequivalents  or  millimols  per  liter,  is 
approximated  by  multiplying  the  observed  value  for  the  latter  in  volumes 
per  cent  by  0.423.  This  factor  assumes  a  normal  pH  and  a  normal  Pco2 


value. 

C02  combining  power:  bicarbonate  content  of  separated  serum  saturated  with 
CO2  at  a  given  pressure  (usually  40  mm.  Hg),  at  room  temperature  and  cor¬ 
rected  to  20°C.  An  “artificial”  substitute  for  measuring  total  C02  content 
because  respiratory  alterations  in  the  II2C03:B+HC03  -f-  B+  Prot.-  system 
are  negated,  and  the  value  obtained  depends  on  the  handling  of  the  blood 
up  to  the  time  of  separation  of  the  plasma;  is  an  obsolete  method. 

Alkaline  reserve:  originally  used  as  synonymous  with  concentration  of  bicar¬ 
bonate;  excludes  all  other  blood  buffers  and  is  therefore  incomplete. 

P co2  •  the  partial  pressure  of  carbon  dioxide;  since  the  gas  is  in  equilibrium 
with  H2CO3  in  aqueous  solution,  it  is  equated  with  the  concentration  of 
H2CO3 .  PCo2  is  expressed  in  mm.  Hg. 

Respiratory  acidosis:  increased  hydrogen  ion  concentration,  or  decreased  pH, 
due  to  carbonic  acid  excess  resulting  from  interference  with  the  pulmonary 
excretion  of  C02 .  Characterized  in  whole  blood  by  elevation  of  PCo2  (fig. 
10-4,  a). 


Respiratory  alkalosis:  decreased  hydrogen  ion  concentration,  or  increased  pH. 
due  to  carbonic  acid  deficit  resulting  from  augmented  excretion  of  C02  by  the 
lungs.  Characterized  in  whole  blood  by  depression  of  PCo2  (fig.  10-4,  b). 

Metabolic  acidosis:  increased  hydrogen  ion  concentration,  or  decreased  pH,  due 
to  relative  decrease  of  fixed  cation  in  respect  to  fixed  anion,  as  a  result  of 
“metabolic”  and  renal  processes.  Characterized  in  whole  blood  by  deficit  of 
buffer  anion  or  buffer  base  (fig.  10-4,  c). 

Metabolic  alkalosis:  decreased  hydrogen  ion  concentration,  or  increased  pH. 
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due  to  a  relative  increase  of  fixed  cation  in  respect  to  fixed  anion,  as  a  result 
of  metabolic’’  and  renal  processes.  Characterized  in  whole  blood  by  excess 
of  buffer  anion  or  buffer  base  (fig.  10-4,  d). 

IV.  Physiological  Regulation  of  pH 

lhe  physiological  regulation  of  anion-cation  balance  and  pH  consists 
in  modification  of  the  buffer  systems  of  the  body  fluids  by  the  organs  of 
exchange  with  the  external  environment  (fig.  10-2). 

A.  Respiratory  Exchanges 

The  principal  route  of  excretion  of  carbon  dioxide  is  through  the  lungs. 
The  carbonic  acid,  II2CO3 ,  in  the  blood  equilibrates  with  the  partial  pres¬ 
sure  of  carbon  dioxide  (PCo2)  in  the  pulmonary  alveoli.  Lowering  of  the 
alveolar  PCo2  by  hyperventilation  results  in  an  increased  rate  of  pulmonary 
excretion  of  II2CO3  as  CO2  and  ILO,  and  hence  in  a  lowered  concentration  of 
H2CO3  in  the  blood  with  a  rise  in  pH.  Conversely,  elevation  of  the  alveolar 
PC02  leads  to  retention  of  C02  and  an  elevated  concentration  in  the  blood  of 
H2CO3 .  Since  the  carbonic  acid,  H2C03 ,  of  blood  is  in  constant  equilib¬ 
rium  with  the  bicarbonate,  BHCO3 ,  the  CO>  in  the  bicarbonate  of  blood 
may  be  excreted  through  the  lungs,  as  well  as  through  the  kidneys,  by  any 
significantly  rapid  and  extensive  lowering  of  the  alveolar  PCo2  •  The  partial 
pressure  of  carbon  dioxide  (PCo2)  in  the  alveoli  is  directly  dependent  on 
respiratory  minute  volume.  Since  the  rspiratory  center  is  sensitive  in  vary¬ 
ing  degree  to  the  three  factors  of  l5o2  >  Pco2>  and  pH,  it  is  evident  that 
the  respiratory  regulation  of  the  carbonic  acid  concentration  is  an  extra¬ 
ordinarily  sensitive  mechanism  for  the  regulation  of  one  component  of  the 
ILCOstBIICOs  buffer  system.  Reference  to  figure  10-5  will  emphasize  that 
small  changes  in  the  concentration  of  carbonic  acid  will  mitigate  to  a  great 
extent  the  aberrations  of  hydrogen  ion  concentration  caused  by  changes 
of  a  larger  magnitude  in  the  concentration  ol  bicarbonate  and  buffer  base. 


B.  Renal  Exchanges 

Since  most  of  the  cations  and  anions  in  the  body  fluids  can  be  excreted 
by  the  kidney,  this  organ  plays  a  major  role  in  the  regulation  of  anion- 
cation  balance  and  hydrogen  ion  concentration.  By  the  differential  excre¬ 
tion  of  fixed  anions  and  cations  the  kidney  conditions  the  bicarbonate  and 
phosphate  buffer  systems  of  the  body ;  in  addition  the  kidney  can  also  ex¬ 
crete  directly  small  amounts  of  hydrogen  ion.  The  renal  mechanisms  or 
the  adjustment  of  anion-cation  balance  (in  contradistinction  to  the  regu  a- 
tion  of  absolute  amounts  of  solute  and  water  of  the  body  fluids)  can  best 
be  considered  in  the  two  categories  of  1)  excretion  of  ‘  extra  anions  an 
excretion  of  “extra”  cations.  Both  of  these  processes  can  be  considered  in 
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terms  of  variation  in  the  renal  conservation  of  filtered  bicarbonate  anion 

^  ThTeXTot  of  exZ'anions  is  the  usual  daily  task  of  the  kidney 
since  the  metabolism  of  protein  and  fat  steadily  produces  a  certain  amount 
of  non-volatile  organic  acids.  Hence,  although  extracellular  fluid  is  slightlx 
alkaline  (pH  =  7.35  to  7.45),  the  urine  is  usually  acid  (pH  -  5.5  to  6.5). 
The  excretion  of  extra  acids  or  anions  without  depletion  of  the  body  of  t  e 
led  bases  or  cations  (Na+,  K+,  Mg++,  and  Ca++)  is  accomplished  in  two 
wavs-  1)  by  excretion  as  free  acids  as  the  result  of  an  exchange  of  hydrogen 
ion  for  fixed  cation,  and  2)  by  excretion  with  ammonium  ion  which  is 
produced  in  the  tubular  cells  of  the  kidney  and  which  then  exchanges  for 
fixed  cation.  The  physiologic  evidence  at  present  strongly  indicates  that  the 
reabsorption  of  bicarbonate  and  the  production  of  an  acid  urine  is  achieved 
by  a  process  of  ion  exchange  in  the  renal  tubules  (4a-j):  hydiogen  ion  is 
exchanged  to  varying  degrees  across  the  wall  of  the  tubular  cell  for  cations 
in  the  filtrate  in  the  tubular  lumen  (fig.  10-6).  Carbonic  acid  so  formed  in 
the  lumen  is,  in  the  main,  broken  down  to  carbon  dioxide  and  water  and 
reabsorbed  to  repeat  the  cycle,  while  the  fixed  cation  is  returned  to  the 
blood  stream  as  bicarbonate.  In  the  case  of  phosphate  this  results  in  the 
conversion  of  the  monohydrogen  form,  B2HPO4 ,  to  the  dih^diogen  form, 
BH2PO4 ,  thereby  sparing  one  cation.  Cations  neutralizing  other  weak  or¬ 
ganic  acids  may  be  spared  entirely  by  ion  for  ion  exchange  with  hydrogen 
to  form  free  acids.  The  difference  between  the  concentration  of  phosphate 
and  the  other  weak  acids  at  the  urine  pH  and  at  pH  7.4,  is  usually  termed 
titratable  acid  and  is  measured  by  titration  with  NaOH. 

The  secretion  of  hydrogen  ion  by  the  renal  tubular  cell  for  the  ion  ex¬ 
change  process  is  dependent  at  least  in  part  on  the  presence  of  carbonic  an- 
hydrase  (c.a.),  an  enzyme  which  speeds  the  hydration  of  metabolic  carbon 
dioxide  to  carbonic  acid  (fig.  10-6): 


CA. 


C02  +  H20 - *  II0CO3  H+  +  HC07 


(58) 


Experimental  inhibition  of  this  enzyme  by  sulfonamides  or  derivatives  such 
as  F6063,  i.e.,  “  Diamox”,  has  provided  much  of  the  evidence  for  the  ion 
exchange  mechanism  (5a-g).  The  component  parts  of  this  mechanism  can 
be  formulated  as  follows: 


BHCO3  +  H+  ->  II2C03  +  B+ 

B0HPO4  +  H+  BH2P04  +  B+ 

BA  +  11+  HA  +  B+ 

The  principal  cations  involved  (B)  are  sodium  and  potassium. 


(59) 

(60) 
(61) 


1  he  salts  of  strong  acids,  however,  require  the  ammonia  mechanism  to 


254 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 


Fio.  10-6.  Ion  Exchange  Mechanism  in  the  Renal  Tubule  for  the  Reabsorption 
of  Fixed  Cation  and  the  Acidification  of  the  Urine 

The  hydration  of  C02  to  carbonic  acid  in  the  renal  tubule  is  accelerated  by  the 
enzyme  carbonic  anhydrase  (c.a.).  The  hydrogen  ions  thus  formed  are  then  available 
for  (a)  competition  with  potassium  to  take  the  place  of  sodium  in  the  tubule  lumen 
as  sodium  is  reabsorbed,  (6)  formation  of  ammonium  from  ammonia,  (c)  formation 
of  \aH2P04  from  Na2IIP04  or  (d)  excretion  as  “free”  hydrogen  ions  (equations  59-62 
in  text).  Following  the  exchange  process  carbonic  acid  formed  within  the  tubule  can 
be  reabsorbed  as  free  C02  . 


prevent  the  excretion  of  fixed  cation.  Ammonia  in  the  kidney  appears  to  be 
formed  primarily  from  the  amino  acid,  glutamine,  rather  than  from  urea 
(5h).  Free  ammonia,  NII3 ,  is  converted  to  ammonium  ion,  NH4+,  by  accept¬ 
ing  a  proton  or  H+  ion  (probably  from  the  H2C03  system  described  above). 
This  ammonium  ion  exchanges  with  the  cation  of  the  salt  of  strong  acids, 
such  as  BC1  and  B2S04 ,  to  permit  the  return  of  the  cation  to  the  blood 
with  bicarbonate  by  a  similar  ion  exchange  process: 

BC1  +  NH4+  ->  NH4C1  +  B+  (62) 


The  production  of  ammonia  by  the  kidney,  under  the  stimulus  of  the  need 
to  excrete  a  strong  acid,  reaches  its  maximum  only  over  a  period  of  days. 
This  is  illustrated  in  figure  10-7  which  shows  the  response  of  the  kidney  to 
the  administration  of  ammonium  chloride.  Such  a  procedure  is  equivalent  o 
adding  chloride  as  a  free  excess  ion,  since  the  ammonium  given  is  promptly 
converted  to  urea.  During  the  intermediate  period,  there  is  an  increased 
excretion  of  fixed  cation  (Na  +  K)  which  may  be  corrected  by  a  subsequent 
positive  balance  after  the  maximum  rate  of  ammonia  formation  is  1  cache  . 
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Failure  of  these  renal  tubular  mechanisms  of  acidification  and  ammo¬ 
nium  ion  formation  may  result  in  depletion  or  “wasting”  of  the  fixed  cations: 
sodium,  potassium,  and  calcium.  This  explains  many  of  the  clinical  and 
biochemical  manifestations  of  renal  tubular  acidosis,  Milkman’s  osteoma¬ 
lacia,  the  DeToni-Fanconi  syndrome,  and  certain  types  of  nephrocalcinosis 

(6a-h),  (see  chapter  12). 

2.  The  renal  excretion  of  extra  cations  is  relatively  simple.  As  bi¬ 
carbonate  ion  is  always  available  from  metabolic  sources,  extra  cation  is 
excreted  as  bicarbonate.  Since  the  carbonic  acid  concentration  in  urine 
varies  little,  as  the  pH  of  urine  rises  larger  and  larger  amounts  of  filtered 
bicarbonate  escape  reabsorption  and  appear  in  the  bladder  urine.  The  net 
result  is  an  alkaline  urine  containing  very  little  ammonia,  no  titra table  acid, 
and  large  amounts  of  bicarbonate. 

The  tubular  reabsorption  of  filtered  bicarbonate  appears  to  be  complete 
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Fig.  10-7.  The  Renal  Excretion  of  an  Excess  Anion  (Chloride) 

In  the  left-  and  right-hand  diagrams,  respectively,  are  shown  the  pH,  titratable 
acidity,  and  electrolyte  content  of  a  24-hour  specimen  of  urine  before  and  on  the  sixth 
day  after  the  start  of  the  daily  ingestion  of  112  mEq.  of  NH4C1.  In  the  center  are 
plotted,  above,  the  change  in  daily  excretion  of  chloride,  and  below,  the  change  in 
ai  y  excretion  of  fixed  base  (Na  -f  K)  +  ammonia  -f  titratable  acidity.  By  the  sixth 
day  conservation  of  fixed  base  is  effected  primarily  by  the  production  of  ammonia  and 
the  excretion  of  an  acid  urine.  (Elkinton  et  al,  unpublished  data.) 
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under  conditions  of  metabolic  acidosis,  while  in  metabolic  alkalosis  part 
of  the  filtered  bicarbonate  escapes  reabsorption  and  appears  in  the  urine 
(4a,  b).  On  the  basis  of  these  findings  Pitts  and  associates  (4a)  formerly 
postulated  that  the  factor  which  conditions  the  tubular  reabsorption  of 
bicarbonate  is  its  concentration  in  extracellular  fluid  and  hence  in  the 
glomerular  filtrate.  More  recently,  they  (4e)  and  others  (4h,  i)  have  pre¬ 
sented  evidence  to  indicate  that  tubular  exchange  of  hydrogen  ion,  and 
hence  bicarbonate  reabsorption,  is  most  directly  conditioned  by  carbon 
dioxide  pressure  (Pco2)-  Experimental  evidence  by  one  of  the  authors  and 
his  associates  (4j)  supports  this  hypothesis;  we  found  that  respiratory 
alkalosis  leads  to  an  increased  urinary  excretion  of  bicarbonate  although 
the  total  CO2  content  (and  bicarbonate  concentration)  decreases  in  the 
blood.  The  converse  was  true  for  experimental  respiratory  acidosis.  How¬ 
ever,  comparison  of  these  data  with  those  obtained  during  acute  metabolic 
alkalosis  strongly  suggests  that  other  factors  besides  Pco2  are  involved  in 
conditioning  the  tubular  reabsorption  of  bicarbonate;  certainly  the  over-all 
homeostatic  effect  is  to  preserve  the  hydrogen  ion  concentration  of  extra¬ 


cellular  fluid. 

3.  The  renal  regulation  of  anion-cation  equilibrium  involves  ex¬ 
changes  of  intracellular  as  well  as  of  extracellular  electrolytes.  I  hat 

this  must  be  so  should  be  self-evident  from  consideration  of  certain  experi¬ 
mental  and  clinical  data.  These  data  stem  from  the  original  observation  of 


Darrow  and  his  associates  (7a)  that  intracellular  potassium  deficiency  in  the 
skeletal  muscle  of  rats  was  associated  with  an  extracellular  metabolic  alkalo¬ 
sis;  an  observation  amply  confirmed  in  other  experimental  (7b-d)  and  clini- 
cal’circumstances  (see  next  chapter,  p.  273).  Since  transfers  of  cellular  potas¬ 
sium  of  any  magnitude,  and  maintenance  of  a  lowered  level  of  extracellular 
chloride  (and  elevated  bicarbonate)  can  only  take  place  through  the  kidney, 
such  a  relationship  must  involve  renal  adjustments  over  time.  However,  the 
explanation  of  the  renal  mechanisms  is  not  simple.  A  reciprocal  relation¬ 
ship  between  the  tubular  secretion  of  potassium  and  hydrogen  1011s  (5a)  is 
not  an  adequate  explanation  since  cellular  transfers  of  hydrogen,  sodium, 
and  potassium  may  take  place  in  directions  not  predicted  by  or  m  the 
absence  of,  such  a  tubular  mechanism  (8a,  b).  Conditioning  of  the  tu m  ar 
reabsorption  of  chloride  by  potassium  has  also  been  invoked  (8c).  Obvi¬ 
ously  much  remains  to  be  done  to  clarify  the  renal  mechanisms  involved 

and  the  circumstances  under  which  they  operate. 

Nevertheless,  at  present  it  seems  quite  clear  that  intracellular  Huh  P  - 
ticinates  in  the  ionic  adjustments  to  anion-cation  disturbances  by  hot 
an  immediate  buffering  action  and  by  the  renal  modification  of  these  buffers 
"lore  prolonged  intervals  of  time.  An  attempt  to  summarize  these 
linked  intracellular,  extracellular,  and  renal  ionic  exchanges  is  made  at  i 
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end  of  the  next  chapter  following  consideration  of  the  clinical  disturbances 
of  anion-cation  equilibrium. 

Summary:  The  initial  complexities  of  acid-base  balance  and  pH  can  be 
greatly  simplified  by  thinking  in  terms  of  cations  (positively  charged  elec¬ 
trolytes,  i.e.,  Na+,  K+,  Ca++,  Mg++);  anions  (negatively  charged  electro¬ 
lytes,  i.e.,  HCOiT,  Cl-,  POn  S04“,  Prot-,  and  X-  or  undetermined  acids) 
and  the  common  ion  effect  acting  through  equilibria  of  the  following  type: 

C02  +  HoO  f=;  H2C03  ^  H+  +  HC07  (63) 

Thus  with  retention  of  C02,  as  in  asphyxia  or  in  pulmonary  fibrosis,  C02  ac¬ 
cumulates,  and  the  reaction  in  the  above  equation  shifts  to  the  right.  As  a 
consequence  more  II2C03  is  formed  giving  rise  to  laigei  amounts  of  H 
and  HCOf  ions.  This  results  in  a  respiratory  acidosis  characterized  by  an 
increased  partial  pressure  of  C02 ,  i.e.,  PCo2  >  elevated  total  C02  or  bicar¬ 
bonate  content,  and  a  lowered  pH.  The  reverse  occurs  with  hyperventilation 
which  results  in  undue  removal  of  C02  with  a  shift  of  the  reaction  to  the 
left,  as  in  cerebral  lesions,  hysteria,  and  early  phases  of  salicylate  poisoning. 
The  actual  change  in  total  C02  content  may  be  in  this  instance  quite  small. 

On  the  other  hand  the  displacement  of  I1C07  by  accumulation  of  keto- 
acids  as  in  starvation  or  diabetic  coma,  or  losses  of  base  associated  with  bi¬ 
carbonate  again  permits  reaction  (63)  to  move  to  the  right.  This  obviously 
results  in  an  increase  in  the  number  of  II+  ions  even  though  bicarbonate  is 
reduced.  This  represents  a  metabolic  acidosis  with  a  reduced  total  C02 
content  and  a  lowered  pH.  The  converse  of  this  develops  when  anions  such 
as  chloride  are  lost,  as  in  vomitus,  or  when  sodium  associated  with  bicar¬ 
bonate  increases  in  amount.  In  each  of  these  HCO:T  rises  and  by  common 
ion  effect  represses  the  ionization  in  equation  (63)  thereby  reducing  the  num¬ 
ber  of  II+  ions.  A  metabolic  alkalosis  is  then  said  to  be  present. 

In  this  simplified  schema  the  role  of  the  lungs  and  the  kidney  is  implicit 
in  these  changes  in  anion-cation  balance  and  in  pH  but  the  role  of  other 
buffer  systems  and  of  the  cells  has  been  omitted. 
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Chapter  11 

ANION-CATION  BALANCE  AND  pH:  CLINICAL 
DISTURBANCES  AND  THEIR  TREATMENT 


In  the  preceding  chapter  we  have  presented  in  some  detail  the  physico¬ 
chemical  and  physiological  mechanisms  involved  in  the  regulation  of  anion- 
cation  equilibrium  and  hydrogen  ion  concentration  in  the  body  fluids.  In 
this  chapter  we  present  the  disturbances  in  these  equilibria  which  may  oc¬ 
cur  as  the  result  of  disease  processes.  To  clarify  further  the  pathogenesis 
of  these  disturbances,  each  primary  type  is  introduced  with  a  discussion  of 
the  production  of  its  experimental  prototype.  The  disturbances  are  taken 
up  accordingto  the  primary  alterations  of  physiological  function,  respiratory 
and  metabolic;  the  secondary  adjustments  are  also  discussed.  At  the  end  an 
attempt  is  made  to  summarize  the  linked  reactions  which  take  place 
during  these  disturbances,  between  the  buffer  systems  in  the  various 
phases  of  the  body  fluids  and  the  organs  of  exchange  with  the  external 
environment. 


1.  The  Dynamic  Aspect  of  Primary  and  Secondary  Reactions 

The  sampling  of  the  blood  buffer  systems  at  a  point  in  time  may  lead  the 
unwary  to  consider  the  anion-cation  disturbances  as  static  phenomena: 
i.e.,  certain  changes  have  finished  occurring  in  the  main  respiratory  and 
metabolic  variables.  Such  a  concept  is  inadequate,  for  these  disturbances 
are  dynamic  ones  of  continuing  action  and  reaction.  The  primary  dis- 
turbance,  whether  respiratory  or  metabolic,  may  be  waxing,  proceeding  at 
a  steady  rate,  or  waning,  according  to  the  course  of  the  disease  and  its  treat¬ 
ment.  The  secondary  alterations,  which  constitute  the  physiologic  adjust¬ 
ment  or  response,  take  place  according  to  the  severity  of  the  primary  dis¬ 
turbance,  the  capacity  of  the  reacting  organ  to  respond,  and  the  factor  of 
time  or  rate  ol  change  involved.  For  example,  the  respiratory  lowering  of 
carbonic  acid  concentration  which  occurs  secondarily  in  the  metabolic 
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acidosis  of  diabetic  coma,  will  vary  according  to  the  degree  of  metabolic 
acidosis,  the  capacity  of  the  lungs  to  lower  the  PC02 >  and  the  rate  of  de¬ 
velopment  of  the  ketosis. 

With  this  concept  in  mind  the  reader  will  not  be  surprised  to  discover 
that  primary  abnormalities  will  be  found  at  a  given  time  to  be  accompanied 
by  a  variety  of  secondary  changes.  In  figure  10-4,  in  the  previous  chapter, 
changes  are  shown  in  only  one  factor  in  each  type  of  disturbance,  and  as 
mentioned  in  that  chapter  such  primary  changes  are  often  accompanied  by 
secondary  alterations  in  the  same  direction  in  the  other  variable.  Such 
secondary  changes  in  the  other  factor  are  “compensatory”  in  the  sense  that 
the  deviation  of  the  pH  is  minimized.  Where  both  respiratory  and  metabolic 
factors  have  so  changed,  an  abnormal  pH  value  will  usually  give  the  clue 
as  to  which  is  the  primary  disturbance.  Where  the  pH  lies  within  the  normal 
range,  both  factors  may  be  disturbed  primarily,  or  the  primary  variable 
which  has  been  completely  “compensated”  for  by  the  secondary  variable, 
can  only  be  identified  by  other  clinical  information.  Where  the  respiratory 
and  metabolic  factors  have  varied  in  opposite  directions,  both  disturbances 
must  be  primary.  In  such  instances,  of  course,  their  relationship  is  the  op¬ 
posite  of  a  compensatory  one  and  hence  the  deviations  of  pi  I  from  normal 
are  severe.  Cases  illustrating  these  diagnostic  features  aie  presented  in  this 

chapter. 


II.  Primary  Respiratory  Disturbances 


A.  Experimental  Respiratory  Alkalosis  and  Acidosis 

Primary  acute  respiratory  alkalosis  or  acidosis  can  readily  be  induced  in 
normal  subjects  by  voluntary  hyperventilation  or  by  breathing  air  with  a 
C02  content  above  that  normally  present  in  the  alveoli.  rlhe  linked  effects 
on  buffer  systems  and  on  renal  function  in  these  two  contrasting  disturb¬ 
ances  are  illustrated  in  figures  11-1  to  11-3,  inclusive.  These  data  taken 
from  studies  by  one  of  the  authors  and  his  associates  (la-c),  confirm,  ex¬ 
tend  and  are  essentially  in  accord  with  the  findings  of  other  investigators 


1.  The  effect  on  the  blood  buffer  systems  is  shown  in  figure  11-1. 
Hyperventilation  resulted  in  a  primary  drop  in  PCo2  or  carbonic  acid  con¬ 
centration,  with  no  immediate  change  in  concentration  of  total  buffer  anion 
or  buffer  base;  the  result  was  a  decrease  in  hydrogen  1011  concentration  01  an 
increase  in  pH.  Carbon  dioxide  inhalation  resulted  in  precisely  t  ic  oppos 
effect.  These  results  correspond  exactly  to  columns  1/  and  a  m  ^  | 
the  prototypes  of  primary  respiratory  alkalosis  and  acidosis  m  arterial 


bl°2°dThe  effect  on  intracellular  buffer  systems  was  calculated  acced¬ 
ing  to  the  method  outlined  in  chapter  3  (equations  28  to  35).  These  are  1  1  - 
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Hyperventilotion 


Total  C02, 
a[co2]„ 

rtvM.  /  I. 


Whole  blood 
Buffer  base, 
A  [BB]  „ 
mEq./  I. 


« 


before  0 


after 


Time  :  before  0  offer 

Fig.  11-1.  Changes  in  Blood  Anion-Cation  Factors  in  Acute 
Experimental  Respiratory  Alkalosis  and  Acidosis 
The  mean  changes  are  shown  as  observed  during  and  after  hyperventilation  (re¬ 
spiratory  alkalosis)  in  six  subjects  and  during  and  after  inhalation  of  7.5  per  cent  C02 
(respiratory  acidosis)  in  six  subjects.  The  changes  which  are  statistically  significant 
for  each  group  (p  =  0.05  or  less)  are  designated  with  open  circles. 

The  CO 2  pressure  (Pco.)  fell  and  rose  during  the  two  stimuli  respectively,  the  buffer 
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t rated  for  the  same  set  of  experiments  in  figure  11-2.  It  is  evident  that  the 
major  response  to  both  acute  respiratory  disturbances  was  an  immediate 
buffering  effect  by  all  the  buffer  systems  of  the  body,  including  those  of 
the  intracellular  fluid,  and  that  over  the  short  period  of  time  of  the  stimulus 
(30  minutes)  renal  readjustments  were  relatively  small.  These  buffer  leac- 
tions  consisted  primarily  of  shifts  of  hydrogen  ion  from  cellular  buffers  as 
well  as  from  those  in  extracellular  fluid  and  red  cells,  and  at  least  a  partial 
reciprocal  redistribution  of  sodium  between  the  extracellular  and  intra¬ 
cellular  fluids. 

3.  The  effect  on  renal  transfers  of  ions  is  shown  in  figure  11-3.  In 
respiratory  alkalosis  the  rate  of  excretion  of  bicarbonate  was  increased  as 
was  that  of  both  sodium  and  potassium.  This  suggests  inhibition  of  the 
hydration  of  C02  and  the  secretion  of  hydrogen  ion  (fig.  10-6) ;  hence  fewer 
hydrogen  ions  were  available  to  compete  with  potassium  in  exchange  for 
sodium  and  more  of  these  fixed  cations  were  excreted  with  bicarbonate  in  an 
alkaline  urine.  In  respiratory  acidosis  the  opposite  effect  obtained  and  less 
bicarbonate,  sodium,  and  potassium  appeared  in  a  more  acid  urine. 

When  these  primary  disturbances  last  for  periods  of  hours  rather  than  of 
minutes,  the  renal  response  delineated  above  has  an  opportunity  to  make 
adjustments  of  quantitative  significance.  In  prolonged  respiratory  alkalosis 
chloride  is  retained  and  potassium  is  lost  (2a,  b).  In  respiratory  acidosis 
the  opposite  appears  to  occur  bicarbonate  reabsorption  being  enhanced  with 
the  duration  of  the  acidosis  (2c);  sodium  is  transferred  out  of  cells  (Ij). 

B.  Clinical  Respiratory  Disturbances 

Respiratory  disturbances  in  disease  are  illustrated  by  the  findings  in 
whole  blood  and  serum  of  certain  patients,  as  shown  in  figures  11-4  and  11-5. 


Fig.  11-2.  The  Patterns  of  Response  of  Total  Extracellular  Bicarbonate 
and  of  Total  Body  Cations  to  Acute  Experimental  Respiratory  Alkalosis 

and  Acidosis 


The  summated  patterns  of  response  are  presented  for  a  single  experiment  of  each 
type.  On  the  left  are  shown  the  changes  in  total  extracellular  bicarbonate  (solid  line) 
and  lenal  bicarbonate  (dotted  line).  On  the  right  the  changes  in  cations  are  shown: 
sodium  and  potassium  in  urine  (dotted  line),  hydrogen  released  by  blood  buffers 
(A  II  protein)  (dashed  line),  intracellular  hydrogen  (A  II 0  the  difference  between  the 
dashed  and  the  solid  line,  intracellular  sodium  (A  Nad  (dashed  and  dotted  line),  and 
cellular  sodium  plus  potassium  (A  Nat  +  A  K,)  (solid  line). 

In  both  types  of  experiment  the  extrarenal  response,  or  tissue  cell  buffering 
greatly  exceeds  that  of  the  kidney.  In  acute  respiratory  alkalosis  (upper  diagram)' 
the  extrarenal  loss  of  bicarbonate  is  associated  in  part  with  release  of  hydrogen  from 
>  ood  buffer  proteins,  and  in  part  with  hydrogen  transferred  from  cells  or  bicarbonate 
ransferred  into  cells.  Part  of  the  cellular  loss  of  hydrogen  appears  to  be  replaced  by 
i  cellular  uptake  of  sodium.  Cellular  potassium  transfers  are  minimal. 

In  respiratory  acidosis  (lower  diagram)  the  transfers  are  in  the  opposite  direction 

daU°:gE,lat„7^i .TOM'8"6  °f  th°  dilTerenCe  in  StimUlUS'  (Fr°m  thc 


BASIC  PRINCIPLES  IN  CLINICAL  SITUATIONS 
Hyperventilation 


T  i  me 

min 


?  »  - t 

-30  0  +30  +60  +90  +120 


-30  0  +30  +60  +90  +120 


Anions 


Cotions 


min 


A  Cotions 

Anions 

Fig.  11-3.  The  Urinary  Electrolyte  Response  to  Acute 
Experimental  Respiratory  Alkalosis  and  Acidosis 

The  summnted  patterns  of  response  are  presented  for  a  single  experiment  of  each 
type  OnThetft  Ire  shown  the  changes  in  excretion  rate  of  anions  from  I  he  mean 
control  level-  on  the  right,  of  cations  including  the  quantity  of  Na  m  excess 

In  acute  respiratory  alkalosis  (upper  diagram)  the  ';r!“^XSi.» 
titatively  is  an  increase  in  excretion  of  bicarbonate  while  that  of  cat. c  u  j 
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1  Primary  respiratory  acidosis  or  carbonic  acid  excess  may  result 
from  any  pulmonary  or  central  condition  which  interferes  with  a.r  exchange 
and  excretion  of  carbon  dioxide  by  the  lungs.  These  include  chrome  emphy¬ 
sema,  asthma,  pulmonary  fibrosis,  bronchial  obstruction,  m  edian  polio- 
myelitis,  and,  in  some  instances,  congestive  heart  failure  (fig.  H-4,  a,t>; 
(3a-k).  It  may  occur  acutely  during  surgical  anesthesia  (31-o).  A  secondary 
increase  in  buffer  cation  usually  is  found  in  chronic  cases  and  is  accomplished 
through  the  kidney  by  increased  excretion  of  chloride  relative  to  bicar¬ 
bonate.  The  resulting  hypochloremia  and  elevated  bicarbonate  concentra¬ 
tion  in  serum  (fig.  11-5,  b)  must  be  clearly  distinguished  (by  clinical  data  or 
by  pH  determination)  from  a  metabolic  alkalosis,  since  the  therapeutic  in¬ 
dications  in  the  two  conditions  are  completely  different. 

Therapy  of  chronic  respiratory  acidosis  is  difficult  (4a-c).  The  most  im¬ 
portant  factor  is  treatment  of  the  underlying  pulmonary  insufficiency  by 
antibiotics,  mechanical  clearing  of  the  respiratory  passages,  digitalization, 
and,  in  severe  cases,  by  use  of  a  mechanical  respirator  or  “iron  lung”  (3p-s, 


120 


pH 


72 


Normal  a  b  C  d 

Fig.  11-4.  Primary  Respiratory  Disturbances:  Acidosis  (a,  b)  and 

Alkalosis  (c,  d) 

The  respiratory  component,  PCo2or  II2C03,  of  acid-base  equilibrium  is  plotted  up¬ 
ward,  and  the  metabolic  component,  buffer  base  (BB+),  downward  from  the  mid¬ 
line.  The  normal  range  of  each  is  indicated  by  broken  lines,  and  the  normal  pattern 
is  shown  to  the  left.  Values  for  pH  are  represented  by  the  black  dots. 

The  data  shown  indicate  primary  respiratory  changes  in  PCOtwith  varying  degrees 
of  a  secondary  response  in  (BB+),  in  the  following  conditions:  C02  retention  in  con¬ 
gestive  heart  failure  (a),  in  chronic  pulmonary  fibrosis  and  emphysema  ( b )  C0-. 
defidt  in  constrictive  pericarditis  with  anoxia  (c),  and  in  a  subject  acclimatized  to 
high  altitudes  (d).  (From  studies  by  Singer,  Elkinton  et  at.,  and  from  Dill  (4d).) 
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Normal  Respiratory 

Acidosis  Alkalosis 

b  d 

Fig.  11-5.  Serum  Electrolyte  Patterns  in  Primary  Respiratory 

Disturbances 

The  concentrations  of  the  principal  serum  electrolytes  are  shown  in  cases  of  res¬ 
piratory  acidosis  and  alkalosis.  These  data  are  from  the  cases  with  the  corresponding 
letters,  b  and  d  in  fig.  11-4.  In  b,  a  patient  with  chronic  pulmonary  insufficiency,  the 
elevated  total  C02  and  IIC03~,  and  lowered  Cl",  concentration  indicate  chiefly  the 
compensatory  increase  in  buffer  anion  and  base  which  is  secondary  to  the  carbonic 
acid  excess.  The  converse  is  true  in  the  case  of  chronic  respiratory  alkalosis  resulting 
from  acclimatization  to  high  altitude,  shown  in  d. 


4c).  Oxygen  must  be  administered  with  great  care  since  apnea  and  coma 
may  be  induced.  This  is  due  to  the  loss  of  sensitivity  of  the  respiratory 
center  to  the  high  levels  of  C02 ,  and  oxygen  removes  its  remaining  anoxemic 
stimulus  (3t-w,  4b).  Recently  the  carbonic  anhydrase  inhibitor,  “FG063” 
or  “Diamox”  has  been  recommended  (3x-z,  4a),  but  the  rationale  and 
efficacy  of  its  use  have  not  yet  been  established.  The  temporary  results 
of  these  methods  of  therapy  are  illustrated  in  figure  11-6. 


2.  Primary  respiratory  alkalosis  or  carbonic  acid  deficit  is  probably 
the  least  commonly  diagnosed  of  the  four  primary  types  of  disturbance.  It 
is  always  due  to  a  central  respiratory  stimulation  and  hyperventilation 
which  may  occur  as  the  result  of  emotional  upset,  anoxia,  fever,  encephali¬ 
tis,  brain  tumor,  intracranial  surgery,  salicylate  poisoning,  or  some  other 
less  well-defined  stimulation  (4d-i)  (figure  11-4,  c,  d).  Occasionally  severe 
metabolic  acidosis  may  lead  to  a  primary  excitation  of  the  respiratory 
center,  as  described  below  under  Mixed  Disturbances.  Although  the  second- 
ary  buffer  and  renal  responses  in  chronic  cases  have  not  been  adequately 
defined,  evidence  suggests  that  the  relative  excretion  of  bicarbonate  over 
chloride,  associated  with  sodium  and  potassium,  leads  to  a  compensatory 
decrease  in  buffer  anion  and  base  (fig.  11-4,  d).  Associated  patterns  of  serum 
electrolyte  concentrations  are  illustrated  in  figure  11-5,  d. 

The  hyperventilation  of  respiratory  alkalosis  may  or  may  not  be  evident 
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Fig.  11-6.  Anion-Cation  Balance  and  pH  of  Blood  and  Serum  During  Treatment 
of  a  Patient  with  Chronic  Pulmonary  Insufficiency  and  Congestive  Heart 

Failure 

Because  the  pH  values  lay  essentially  within  the  normal  range,  the  diagnosis  of  a 
mixed  disturbance  of  1)  primary  respiratory  excess  of  II2COs  and  2)  primary  meta¬ 
bolic  excess  of  buffer  cation  or  base  was  made  clinically:  the  former  on  the  basis  of 
history,  signs,  and  symptoms  of  asthma  and  emphysema,  the  latter  from  the  signs  of 
peripheral  edema  and  the  history  of  its  treatment  with  mercurial  diuretics.  The  re¬ 
spiratory  excess  of  II2CO3  is  characterized  by  the  high  Pco2,the  metabolic  excess 
of  buffer  base  by  its  high  concentration.  The  high  total  C02  content  and  low  chloride 
concentration  of  serum  are  common  to  both  The  items  of  therapj' of  this  refractory 
case  are  indicated  at  the  top  of  the  diagram.  (Unpublished  study  by  Winegrad, 
Jacobus,  and  Elkinton.) 


clinically.  If  it  is,  it  frequently  can  he  differentiated  from  the  compensatory 
hyperventilation  of  metabolic  acidosis  by  the  presence  of  tetany  (4e,  g,  i). 
Even  without  overt  hyperventilation,  the  signs  and  symptoms  of  tetany  are 
usually  present  to  a  varying  degree:  paresthesias  of  extremities,  frank  car¬ 
popedal  spasm,  catatonia,  coma,  and  positive  Chvostek  and  Trousseau 
signs.  Ihe  immediate  treatment  of  choice  is  to  increase  the  content  of  car¬ 
bon  dioxide  in  inspired  air  by  rebreathing  into  a  bag  or  a  mask  connected 

to  a  supply  of  C02  +  02  This  is  followed  by  attempts  at  eradication 
of  the  underlying  cause. 
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III.  Primary  Metabolic  Disturbances 

A.  Experimental  Metabolic  Alkalosis  and  Acidosis 

Primary  metabolic  alkalosis  may  be  produced  experimentally  by  the  in¬ 
gestion  or  infusion  of  alkaline  solutions  such  as  sodium  bicarbonate  and 
sodium  lactate  which  supply  fixed  cation  in  excess  of  fixed  anion  (Id,  5a-c). 
Metabolic  alkalosis  may  also  be  produced  by  the  primary  induction  of 
intracellular  potassium  deficiency  (5d,  e)  (see  pp.  256,  273).  The  effect  of 
these  procedures  on  the  buffer  systems  of  the  blood  is  to  increase  the  buffer 
anion  and  base  with  a  consequent  rise  in  pH.  In  addition,  ionic  exchanges 
take  place  between  the  extracellular  buffers  and  those  in  the  intracellular 
fluid.  The  pulmonary  response  is  one  of  decreased  ventilation  with  a  com¬ 
pensatory  rise  in  PCo2  and  the  concentration  of  II2C03 .  In  the  kidney  the 
exchange  of  hydrogen  for  sodium  and  potassium  is  inhibited  with  a  resultant 
increase  in  excretion  of  the  latter  cations  with  bicarbonate. 

Primary  metabolic  acidosis  may  be  produced  experimentally  by  the  inges¬ 
tion  or  infusion  of  fixed  anion  in  excess  of  fixed  cation,  such  as  NII4C1,  or 
by  metabolic  production  of  organic  acids,  as  in  experimental  diabetic  keto¬ 
sis  (6a-e,  7a-b).  The  effects  on  the  buffer  systems  of  blood  and  intracellular 
fluid,  on  the  pulmonary  excretion  of  C02 ,  and  on  the  kidney,  are  essentially 
the  converse  of  those  described  for  metabolic  alkalosis  in  the  preceding 
paragraph. 

The  over-all  responses  to  both  types  of  these  disturbances  are  delineated 
in  the  concluding  section  of  this  chapter. 


B.  Clinical  Metabolic  Disturbances 

Metabolic  disturbances  in  disease  are  illustrated  by  the  findings  in  whole 
blood  and  serum  of  certain  patients,  as  shown  in  figures  11-7, 11-8,  and  11-9. 

1.  Primary  metabolic  acidosis  or  buffer  anion  and  base  deficit 
occurs  in  any  clinical  situation  in  which  fixed  anions  increase  in  relation 
to  fixed  cations  (i.e.,  the  former  may  rise,  the  latter  may  fall,  or  both).  In 
diabetic  ketosis  the  ketone  acids  displace  bicarbonate,  and  fixed  cations  (so¬ 
dium  and  potassium)  are  lost  in  the  urine  with  the  excess  anion  (7a-c).  In 
the  uremic  acidosis  of  renal  insufficiency,  retention  of  fixed  anions  (phos¬ 
phates,  sulfates,  and  organic  acids)  displaces  bicarbonate  (fig.  11-7)  (7d,  e). 
“  Chloride  acidosis ”  is  frequently  seen  in  patients  who  have  received  large 
amounts  of  ammonium  chloride  and  other  acidifying  diuretics  or  cation 
exchange  resin  (6a,  b,  7f,  g)  as  well  as  in  those  with  inadequate  renal  func¬ 
tion  who  have  received  large  amounts  of  sodium  chloride  solution. 

The  retention  or  production  of  any  abnormal  organic  acid,  such  as  in 
salicylate,  boric  acid,  paraldehyde,  and  methanol  poisoning,  may  lead  to 
metabolic  acidosis  (8a,  3i,  4h,  7h),  although  frequently  there  is  a  mixed  dis- 
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Fig.  11-7.  Primary  Metabolic  Disturbances:  Acidosis  (e,  /)  and 

Alkalosis  ( g ,  h ) 

The  data  shown  in  e  and  /  indicate  primary  changes  in  (BB+)  with  varying  degrees 
of  a  secondary  response  in  Pcojin  chloride  acidosis  due  toNffiCl  administration  and 
in  uremic  acidosis  as  a  result  of  chronic  glomerulonephritis.  Similar  changes  are  ob¬ 
served,  though  not  illustrated  here,  in  the  primary  metabolic  acidosis  produced  by 
losses  of  sodium  or  by  excesses  of  endogenous  anions,  as  in  diabetic  coma,  or  excesses 
of  foreign  anions  such  as  borate  or  salicylate. 

In  the  last  two  columns  of  the  figure,  g  and  h,  alkalosis  due  to  gastric  suction  and 
alkalosis  with  potassium  deficiency  following  ACTH  therapy  are  illustrated.  Ad¬ 
ministration  of  excessive  amounts  of  sodium  with  bicarbonate  or  with  a  metabo¬ 
lizable  anion  such  as  acetate  will  also  produce  a  primary  metabolic  alkalosis. 
(Elkinton  et  al.  (8b,  10p).) 


turbance  (see  below).  All  these  types  of  metabolic  acidosis  involve  failure 
of  the  kidney  to  excrete  excess  anions  and  to  conserve  fixed  cations;  the 
result  is  a  deficit  of  buffer  base  (fig.  ll-7,e,  f).  This  is  always  accompanied  by 
a  secondary  deficit  of  carbonic  acid  achieved  by  hyperventilation  (Kussmaul 
breathing).  Such  a  compensatory  response  is  more  likely  to  be  partial  than 


complete  in  terms  of  pi  I  preservation.  The  serum  electrolyte  pattern  found 
in  a  patient  with  uremic  acidosis  shown  in  figure  11-8,  f ;  with  increased  con¬ 
centrations  of  the  fixed  anions  (phosphate,  sulfate,  and  organic  acids)  and 
with  the  decreased  level  of  total  C02  and  bicarbonate  is  typical.  A  low- 
eied  sodium  concentration  also  contributes  to  the  diminished  bicarbonate 
and  total  buffer  anion  and  base.  (See  also  figs.  12-5,  13-5,  and  15-8). 

lhe  clinical  manifestations  are  frequently,  but  not  always,  hyperventila¬ 
tion  (Kussmaul  breathing),  stupor,  and  coma;  in  uremics  twitching  or  con¬ 
vulsions  may  appear.  Despite  the  presence  of  hyperventilation,  tetany  is 
absent.  Azotemia,  hyperglycemia,  ketonemia,  glycosuria,  and  ketonuria,  if 
present,  are  helpful  in  the  differential  diagnosis.  Treatment  of  course  de¬ 
pends  upon  the  pathogenesis  of  the  acidosis.  If  the  total  buffer  anion  and 
base  is  reduced  because  the  patient  is  depleted  of  sodium,  then  obviously 
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Fia.  11-8.  Serum  Electrolyte  Patterns  in  Primary  Metabolic 

Disturbances 

The  concentrations  of  the  principal  serum  electrolytes  are  shown  in  cases  of  met¬ 
abolic  acidosis  and  alkalosis.  These  data  are  from  the  cases  with  the  corresponding 
letters,/  and  h,  in  fig.  11-7.  In/,  a  patient  with  uremic  acidosis,  the  lowered  total 
CO2  and  IICO3-  reflects  the  reduction  of  buffer  anion  and  base  due  to  the  metabolic 
and  renal  retention  of  phosphates,  sulfates,  and  organic  acids,  and  loss  of  sodium. 
In  h,  a  patient  with  the  metabolic  alkalosis  of  potassium  deficiency  due  to  ACTII 
therapy,  the  elevated  IIC03~  reflects  the  increase  in  buffer  anion  and  base  due  to  the 
migration  of  hydrogen  and  sodium  into  cells. 


interruption  of  the  processes  that  have  produced  such  depletion,  and  the 
restoration  of  sodium  stores,  become  the  goals  of  therapy.  In  high  chloride 
acidosis  relief  of  this  disturbance  depends  upon  withholding  the  chloride  ion 


and  allowing  renal  excretion  to  restore  the  level  to  normal.  In  the  metabolic 
acidosis  of  diabetic  acidosis  and  coma,  therapy  consists  of  giving  insulin, 
saline,  water,  etc.  which  will  permit  restoration  of  the  concentration  of 
fixed  ions  to  normal  levels.  In  salicylate  poisoning  diuresis  will  usually 
suffice  to  remove  this  foreign  anion,  though  vivodialysis  ^  ia  an  aitific  ial 
kidney  (8a)  has  been  successfully  employed.  In  acute  renal  failure  the  most 
realistic  hopes  are  those  directed  to  restoration  of  kidney  function  toward 
or  to  normal;  in  chronic  renal  failure  limited  function  must  be  supported; 
in  either  case  only  temporary  relief  is  afforded  by  the  artificial  kidney.  In 
all  these  conditions  it  may  be  advisable  to  give  sodium  bicarbonate  or 
sodium  lactate  solution  to  combat’  the  acidosis.  The  actual  rise  produced  in 
serum  C02  content  or  buffer  base  concentration  will  vary  widely  from  case  to 
case  because  a  considerable  and  varying  portion  of  the  sodium  admnnsterec 
will  enter  the  intracellular  fluid  (8b).  Such  sodium  alkali  therapy  must  be 
undertaken  with  caution,  however,  because  of  the  concomitant  hazards  of 
inducing  or  exacerbating  hypertension  or  edema  (see  chap.  1-  and  f  ait 
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2.  Primary  metabolic  alkalosis  or  buffer  an.on  and  base  exc  ess 

may  be  the  result  of  a  variety  of  processes.  These  include  direct  loss 
fixed  anion  (chloride)  as  HC1  in  gastric  fluid  removed  during  vomiting  01 
gastric  suction  (9a-c),  retention  of  fixed  cation  (sodium)  due  to  \ho  excessive 
ingestion  of  alkalis  as  antacids  (9d,  e),  congenital  diarrheal  loss  of  chloride 
(9f  g)  disproportionate  chloride  to  sodium  excretion  by  the  kidney  during 
the  use  of  mercurial  diuretics  (9h-j),  and  a  combination  of  disproportionate 
chloride  excretion  and  transfer  of  hydrogen  and  sodium  into  cells  secondaiy 
to  potassium  deficiency  (lOa-q).  The  experimental  basis  of  this  last  phe¬ 
nomenon  was  described  and  documented  in  the  preceding  chaptei.  1  ie 
pathogenesis  of  the  potassium  deficiency  usually  includes  extrarenal  loss 
of  the  ion  (e.g.,  gastrointestinal  fluid  drainage),  hyperadrenocortical  ac¬ 
tivity  (e.g.,  adrenocortical  tumor,  ACTH  and  DOCA  administration,  post¬ 
operative  stress),  as  well  as  a  low  potassium  intake.  In  all  these  types  of 
alkalosis  the  buffer  base  is  increased  with  a  variable  secondary  rise  in 
PC02  as  a  result  of  hypoventilation  (fig.  11-7,  g,  b).  The  serum  electrolyte 
pattern  is  characterized  by  a  high  carbon  dioxide  and  bicarbonate  content 
and  a  low  level  of  chloride  (fig.  1 1-8,  h).  The  urine  may  be  alkaline  or,  para¬ 


doxically,  it  may  be  acid  especially  during  prolonged  metabolic  alkalosis 
and  potassium  deficiency  (9c,  11a);  this  probably  represents  failure  of  renal 
tubular  secretion  of  potassium  to  compete  with  that  of  hydrogen  ion  (li). 
(See  also  figs.  3-15,  6-5,  13-5,  21-3,  22-1,  and  23-2). 

The  clinical  signs  of  metabolic  alkalosis  include  hypoventilation,  tetany, 
weakness,  and  mental  confusion,  as  well  as  other  evidence  of  the  specific 
underlying  condition.  Treatment  of  extracellular  deficit  of  chloride  is  best 
accomplished  by  giving  sodium  chloride  solutions  and  permitting  the  kid¬ 
ney  to  excrete  the  relative  excess  of  sodium.  Cases  complicated  with  potas¬ 
sium  deficiency  should  receive  potassium  chloride  or  potassium  chloride 
plus  phosphate  solution;  some  sodium  is  desirable  in  these  solutions  but 
an  internal  source  of  sodium  should  be  recognized  since  excess  sodium  is 
transferred  from  intracellular  to  extracellular  fluid  as  potassium  is  taken 
up  (lOp,  lib)  (fig.  11-9).  Ammonium  chloride  has  been  recommended  (11c) 
but,  in  the  opinion  of  the  authors,  has  had  no  place  in  the  treatment  of  the 
above  types  of  metabolic  alkalosis  since  the  development  of  potassium 
chloride  solutions;  it  provides  none  of  the  fixed  cations  which  are  usually 
needed  and  ammonium  ion  is  toxic  when  administered  above  the  optimal 
rate  (lid,  e).  Ammonium  chloride  is  indicated  in  the  metabolic  alkalosis 
due  to  meicuiial  diuiesis  in  edematous  patients  and  may  restore  sensitivity 
to  the  diuretic  in  patients  who  have  become  refractory  (9j).  A  note  of  cau¬ 
tion  should  be  sounded  against  the  administration  of  chloride,  especially 
ammonium  chloride,  to  patients  with  a  high  total  C02  and  buffer  base  sec- 
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Fig.  11-9.  Treatment  of  Metabolic  Alkalosis:  Relation  of  Changes  in  Serum 
Level  of  Carbon  Dioxide  and  Potassium  to  Cumulative  Changes  in 
Some  of  the  Intracellular  Cations;  Three  Types  of  Response 
In  Patient  W.  L.  (starvation,  stress)  intracellular  potassium  increased  and  intra¬ 
cellular  sodium  decreased  simultaneously  with  the  return  of  the  serum  C02  and  K  to 
normal  levels  (balance  data  on  this  patient  are  given  in  fig.  3-15).  In  Patient  A.  K. 
(ulcerative  colitis)  during  the  administration  of  NII4C1  the  serum  C02  level  returned 
to  normal  coincidently  with  a  loss  of  cellular  sodium  (in  exchange  for  hydrogen  ion, 
not  shown)  and  prior  to  an  increase  in  intracellular  potassium.  In  patient  II.  H. 
(postoperative  vomiting,  gastric  lavage,  balance  data  shown  in  fig.  6-5)  the  serum 
C02  level  returned  to  normal  in  association  with  a  loss  of  intracellular  sodium  and 
without  any  significant  subsequent  uptake  of  cellular  potassium;  hydrogen  ion 
transfers  were  not  calculated.  (From  Llkinton  et  ol.  (10p).) 


ondary  to  a  primary  respiratory  acidosis;  therapeutic  obliteration  of  this 
compensatory  response  may  kill  the  patient. 


IV.  Mixed  Disturbances— Clinical 

Not  infrequently  two  primary  disturbances  of  the  amon-cation  equilib¬ 
rium  are  occurring  simultaneously  in  the  same  patient.  Such  so-called 
“mixed”  disturbances  are  illustrated  in  figure  11-10.  Where  the  changes  in 
each  factor  are  in  the  opposite  direction  (fig.  1M0,  i,  j),  two  primary  t  is- 
turbances  can  only  have  occurred  simultaneously.  The  causes  of  each  are 
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usually  one  of  those  outlined  above  for  each  category.  In  such  a  combination 
the  deviation  in  pH  is  bound  to  be  extreme  and  the  patient’s  Me  may  be  jeop¬ 
ardized.  Mixed  disturbances  in  the  opposite  direction  (fig.  11-10,  k,  U  are 
clinically  more  common  and  are  harder  to  recognize  since  they  tend  to 
cancel  out  each  other’s  effect  on  the  pH.  Often  the  coexistence  of  two  such 
primary  alterations  in  acid-base  equilibrium  can  only  be  identified  by 
following  the  clinical  and  chemical  course  of  such  a  patient.  Such  a  situation 
is  shown  in  figure  11-11  which  also  illustrates  the  diagnostic  inadequacy,  with 
respect  to  anion-cation  disturbances,  of  serum  or  blood  C02  and  bicarbonate 
concentrations  alone  as  compared  with  the  determination  of  buffer  base 
concentration  and  pressure  of  carbon  dioxide.  The  administration  of 
NaHCOs  to  a  patient  with  a  diabetic  metabolic  acidosis  appeared  to  restore 
only  partially  on  the  second  day  the  anion-cation  balance  as  assessed  in 
terms  of  whole  blood  C02  content  (left-hand  side  of  diagram).  In  lact,  at 
this  point  the  buffer  base  was  restored  almost  to  normal,  and  the  patient 
was  actually  alkalotic  (pH  =  7.55)  because  of  a  simultaneous  primary 
stimulation  of  the  respiratory  center  as  shown  by  the  low  PCo2  (right-hand 
diagram).  When  NaIIC03  was  no  longer  given,  the  patient’s  pH  returned 

132 


pH 


Normal  i  j  k  1 

Fig.  11-10.  Mixed  Disturbances 

The  data  shown  indicate  the  following  combinations:  a  primary  deficit  of  C02  plus 
a  primary  excess  of  BB+,  or  a  mixed  alkalosis,  in  a  case  of  constrictive  pericarditis 
with  anoxia  receiving  mercurial  therapy  (i),  primary  retention  of  C02  and  primary 
deficit  of  BB+  mixed  acidosis,  in  a  curarized  mental  patient  given  C02  (j);  primary 
C02  deficit  plus  primary  deficit  of  BB+  in  diabetic  acidosis  (k);  and  primary  CO, 
excess  plus  excess  of  BB+  ,n  congestive  heart  failure  with  mercurial  therapy  (1) 
(JcT)  StUdieS  )y  Sing6r  et  aL  (la’  b)  A1tschule  and  Sulzbach  (12b)  and  Bock  et  al. 
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Diabetic  acidosis  complicated  by  primary  respiratory  alkalosis 
Results  of  alkali  therapy 


Fig.  11-11.  Illustration  of  the  Diagnostic  Inadequacy  of  Total  CO2  Content 
Alone,  Compared  with  Determination  of  the  Main  Variables  of  Buffer 
Base  and  Pcoj  ,  in  a  Case  of  Diabetic  Acidosis  Treated  with  Alkali 
On  the  left-hand  side,  the  partial  rise  of  total  C02  might  be  interpreted  to  mean  that 
a  metabolic  acidosis  had  been  only  partially  corrected.  The  precise  state  of  acid-base 
equilibrium  is  revealed  in  the  right-hand  diagram  which  shows  that  at  the  end  of  two 
days  the  buffer  base  had  returned  to  within  the  lower  limit  of  normal  but  was  associ¬ 
ated  with  a  primary  respiratory  alkalosis  (low  Pco,  and  high  pH).  Withdrawal  of  the 
NatIC03  therapy  permitted  a  drop  in  buffer  base  leading  to  a  normal  pH  (primary 
buffer  base  deficit  plus  primary  C02  deficit).  (Modified  from  Singer  and  Hastings 

(13b)  and  Bock  et  al.  (12c).) 


(on  day  4)  to  within  the  normal  range  as  the  result  of  a  mixture  of  primary 
deficits  of  both  buffer  base  and  carbonic  acid.  This  mixed  disturbance  is 
also  diagrammed  in  figure  11-10,  k;  the  anion-cation  diagnosis  at  this  time 
could  only  be  made  in  the  light  of  prior  clinical  and  chemical  data. 

Another  clinical  condition  characterized  by  a  mixture  of  two  primary 
disturbances  which  tend  to  compensate  each  other  in  terms  of  pH  is  acute 
salicylate  poisoning.  Retention  of  the  organic  anion  in  abnormal  amount 
reduces  the  buffer  anion  and  base,  a  metabolic  acidosis.  Usually,  however 
the  organic  acid  or  the  severe  acidosis  stimulates  the  respiratory  cente 
Siting  in  primary  respiratory  deficit  of  carbonic  acid.  Over-vrgorous 
treatment  of  the  buffer  base  deficit  may,  therefore,  push  the  pH  to 
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Buffer  base  excess 


Fig.  11-12.  Acid-Base  Disturbances  Plotted  on  the  Singer 

Grid 

The  various  types  of  disturbances  presented  in  figs.  11-4,  11-7,  and  11-10,  are 
here  plotted  together. 

This  type  of  graph  was  designed  by  Singer  (12a)  to  demonstrate  the  relationships 
of  the  primary  variables  of  carbonic  acid  and  buffer  base.  Carbonic  acid  excesses  lie 
in  quadrants  I  and  II,  deficits  in  III  and  IV;  buffer  base  excesses  lie  in  quadrants  I 
and  IV,  deficits  in  II  and  III.  Any  value  lying  in  quadrants  II  and  IV  must  represent 
therefore  a  primary  disturbance  in  each  variable  since  they  exhibit  the  opposite  of  a 
compensatory  relationship.  Values  in  I  and  III  may  indicate  either  independent  pri¬ 
mary  variation  or  changes  in  one  variable  which  are  secondary  to  the  other.  The 
interpretation  rests  on  prior  clinical  and  chemical  data  although  a  pH  value  lying  out¬ 
side  the  normal  parameters  may  greatly  assist  in  this  interpretation. 

alkaline  side,  just  as  in  the  case  of  diabetic  acidosis  described  above  (fig. 
11-11).  Ihe  complex  anion-cation  disturbances  of  salicylate  poisoning  have 
been  delineated  by  Singer  (4h). 

Two  primary  metabolic  disturbances  also  may  occur  concomitantly  and 
tend  to  cancel  each  other  with  respect  to  pH.  Ketosis  in  the  vomiting  infant 
produces  one  such  example;  another  results  from  vomiting  or  gastric  lavage 
in  the  patient  with  renal  retention  of  phosphate  (see  fig.  23-2). 

The  graphic  presentation  of  these  various  types  of  mixed  and  nonmixed 
anion-cation  disturbances  can  be  made  in  another  way.  Figure  1 1-12  shows 
the  data  of  the  various  cases  presented  in  figures  1 1-4, 11-7,  and  11-10  plotted 
on  the  acid-base  grid  designed  by  Singer  (12a).  Although  such  a  graph  may 
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seem  complicated  at  first  sight,  it  really  provides  a  relatively  simple  way 
to  present  the  essential  data  of  any  type  of  acid-base  disturbance.  (Compare 
with  the  mixed  disturbances  in  congestive  heart  failure,  fig.  13-11). 

V.  Summary  of  the  Body’s  Defense  Against  Abnormalities  in 

Hydrogen  Ion  Concentration 

Experimental  and  clinical  studies  of  the  past  few  years  have  greatly 
broadened  our  knowledge  of  the  regulation  of  anion-cation  equilibrium  and 
the  hydrogen  ion  concentration  of  the  body  fluids.  Such  regulation  is  no 
longer  considered  in  terms  of  blood  alone  as  a  physicochemical  system. 
Ionic  exchanges  between  buffer  systems  in  a  series  of  fluid  phases  have 
become  well  recognized  and  the  integrated  role  of  physiological  adjust¬ 
ments  of  the  lungs  and  kidneys  much  more  adequately  understood.  As  a 
consequence,  a  broader  concept  of  anion-cation  equilibrium  has  been 
foreshadowed  in  the  1952  Macy  Conference  on  Renal  Function  (13a)  and 
ably  expressed  by  Pitts  in  his  Harvey  Lecture  in  1953  (5b).  Most  of  the  ex¬ 
perimental  and  clinical  data  on  which  this  broader  concept  is  based  have 
been  presented  in  these  two  chapters. 

While  much  remains  to  be  learned  in  this  field,  the  student  faced  with  so 
much  information  is  perhaps  entitled  to  a  summarizing,  albeit  somewhat 
simplified,  of  these  linked  physicochemical  and  physiological  reactions. 
This  perhaps  can  best  be  done  in  terms  of  the  linked  transfers  of  cations 
which  take  place  in  the  body’s  defense  of  neutrality.  In  figure  11-13  are 
shown  those  occurring  in  respiratory  alkalosis  and  acidosis.  The  primary 
action  (a)  is  an  increased  or  decreased  rate  of  excretion  of  hydrogen  ion 
(as  H20  and  C02)  through  the  lungs.  In  the  former,  respiratory  alkalosis, 
the  hydrogen  loss  is  shared  by  the  intracellular,  as  well  as  the  extracellular, 
fluid,  and  the  immediate  buffering  effect  is  spread  throughout  the  fluid 
phases  with  sodium  transferring  into  cells  to  replace  the  hydrogen.  The 
renal  adjustment  is  to  conserve  hydrogen  and  to  reduce  the  “neutral  salt” 
of  the  buffer  systems  by  excreting  both  extracellular  and  intiacellular 
fixed  cations,  sodium  and  potassium,  with  bicarbonate.  In  the  case  of  res¬ 
piratory  acidosis,  the  reactions  are  in  the  reverse  direction:  the  excess  hy¬ 
drogen  being  distributed  immediately  over  the  buffer  systems  of  all  phases, 
with  sodium  leaving  cells  as  hydrogen  enters;  the  renal  adjustment  is  to 
increase  the  excretion  of  hydrogen  ion  and  to  augment  the  “neutral  sa  ts 
of  the  buffer  systems  by  conserving  extracellular  and  intracellular  cations, 
sodium  and  potassium,  and  excreting  fixed  anions  with  ammonium  ion  pro¬ 
duced  in  the  kidney.  Each  of  these  sets  of  linked  physicochemical  and 
physiological  reactions  minimizes  the  primary  derangement  m  hydrogen 

‘"“Sonding  sets  of  reactions  in  defense  of  — ^ 
metabolic  alkalosis  and  acidosis  are  shown  m  figure  11-1  •  1  y 
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alteration  (a)  is  the  “metabolic”  decrease  or  increase  of  hydrogen  ion  by 
change  in  the  proportion  of  fixed  cation  to  fixed  anion  in  the  extracellular 
fluid.  In  metabolic  alkalosis,  this  loss  of  hydrogen  is  shared  with  the  mtia- 
cellular  buffers,  sodium  being  exchanged  for  hydrogen  across  the  cell 
boundary.  The  pulmonary  response  is  to  conserve  hydrogen  by  hypoventila¬ 
tion.  The  renal  response,  to  the  extent  that  renal  insufficiency  is  not 
involved,  is  to  conserve  hydrogen  and  to  excrete  extracellular  and  intra¬ 
cellular  fixed  cation,  sodium  and  potassium,  with  bicarbonate.  In  metabolic 
acidosis  the  reactions  are  in  the  opposite  direction.  Excess  hydrogen  ion  is 
buffered  throughout  the  body  fluids,  being  exchanged  for  sodium  across  the 
cell  boundary.  The  pulmonary  response  is  to  increase  the  excretion  of  hy¬ 
drogen  with  C02  by  hyperventilation.  The  renal  response,  if  operative,  is 
to  excrete  hydrogen  and  to  conserve  fixed  cation,  sodium  and  potassium, 
with  bicarbonate;  fixed  anion  is  excreted  with  ammonium  ion.  These  reac¬ 
tions,  as  in  the  case  of  respiratory  disturbances,  minimize  the  derangement 
of  hydrogen  ion  concentration  metabolically  produced. 

The  preceding  sequences  of  linked  transfers  of  cations  are  those  that  take 
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Fig.  11-13.  Simplified  Schema  of  Linked  Transfers  of  Cations  in  Defense  of 
Body  Fluid  Neutrality  against  Primary  Respiratory  Alkalosis  and  Acidosis 

L  and  I  represent  extracellular  fluid  and  intracellular  fluid,  respectively  The  pri¬ 
mary  disturbance  is  indicated  at  (a).  v 

In  alkalosis  hydrogen  ion  loss  is  shared  by  the  intracellular  fluid,  exchanging  with 
sodium  from  the  extracellular  phase.  The  secondary  renal  response  consists  of  inhibi¬ 
tion  of  the  tubular  secretion  of  hydrogen,  leading  to  the  excretion  of  an  alkaline  urine 

cellurr^etr811^8  ""'I  aS  S°;liUm  bicarbonate;  this  loss  of  potassium  leads  to 
„e  lular  dePletl°n  of  the  ion.  In  acidosis  exchanges  take  place  in  the  opposite  direction 
and  an  acid  urine  is  formed.  1  1  uirecuon 
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Fig.  11-14.  Simplified  Schema  of  Linked  Transfers  of  Cations  in  Defense 
of  Body  Fluid  Neutrality  against  Primary  Metabolic  Alkalosis 

and  Acidosis 

The  schema  is  constructed  in  the  same  manner  as  in  fig.  11-13,  the  primary  distur¬ 
bance  (a)  being  renal,  gastro-intestinal,  or  metabolic. 

The  cationic  exchanges  between  extra-  and  intracellular  fluid  are  the  same,  ex¬ 
changes  in  the  kidney  (unless  the  site  of  the  primary  dysfunction)  are  the  same,  and 
the  compensatory  pulmonary  exchanges  are  the  opposite,  of  those  in  the  primary  res¬ 
piratory  exchanges  shown  in  fig.  11-13. 

place  in  defense  of  the  neutrality  of  the  body  fluids  when  it  is  threatened  by 
respiratorv  and  metabolic  events.  However,  because  these  transfers  are 
linked  reactions,  an  abnormal  event  occurring  primarily  in  the  chain  else¬ 
where  may  result  in  disturbing,  rather  than  preserving,  the  hydrogen  ion 
concentration.  Such  an  event  is  the  depletion  of  intracellular  potassium ;  the 
result  is  an  extracellular  metabolic  alkalosis.  The  sequence  leading  to  this 
result  is  presented  in  figure  11-15. 

The  primary  event  (a)  is  the  depletion  of  cellular  potassium  by  loss 
through  the  kidney  due  to  adrenocortical  hyperactivity  or  tubular  dys¬ 
function  and  through  the  gastrointestinal  tract,  m  the  absence  of  an  ad 
(mate  intake  of  the  ion.  In  the  early  stages  (left-hand  diagram)  sodium  a 
hydrogen  transfer  into  cells  and  in  the  kidney  the  tubular  secretion  o  hy¬ 
drogen  is  inhibited,  potassium  exchanges  for  sodium,  and  bicarbonate  s 
reabsorbed  preferentially  to  chloride.  The  result  is  an  extracellular  alkalos* 

232&S££52S52S 
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Primary  Potassium  Depletion 
with  Metabolic  Alkalosis 

Fig.  11-15.  Simplified  Schema  of  Linked  Transfers  of  Cations  in  Primary 
Potassium  Depletion  which  Result  in  Extracellular  Metabolic 

Alkalosis 

The  schema  is  constructed  in  the  same  manner  as  in  figs.  11-13  and  1 1  -14.  The  pri¬ 
mary  disturbance  (a)  is  the  abnormal  loss  of  potassium  from  the  body  through  the 
kidney  or  through  the  gastro  intestinal  tract. 

The  early  stages  are  shown  in  the  left-hand  figure.  Although  the  enhanced  renal 
tubular  secretion  of  potassium  inhibits  that  of  hydrogen  and  leads  to  an  alkaline 
urine,  the  loss  of  potassium  from  the  intracellular  fluid  is  associated  with  a  reverse 
transfer  of  sodium  and  hydrogen  from  the  extracellular  fluid  to  a  degree  that  results 
in  an  extracellular  metabolic  alkalosis.  In  the  late  stages  (light-hand  figure),  the 
potassium  depletion  inhibits  further  renal  tubular  secretion  of  the  ion;  this  results 
in  an  abnormal  stimulation  of  hydrogen  secretion  and  an  acid  urine,  further  exacer¬ 
bating  the  extracellular  alkalosis. 


and  reciprocal  enhancement  of  the  renal  excretion  of  hydrogen  in  an  acid 
urine.  This  aids  in  maintaining  the  established  new  steady  state  of  extra¬ 
cellular  alkalosis.  1  hus,  a  disturbance  in  anion-cation  balance  and  hydrogen 

ion  concentration  is  a  result  rather  than  a  cause  of  sequential  cation 
transfers. 


Summary:  It  seems  quite  clear  at  present  that  intracellular  fluid  partici¬ 
pates  in  the  ionic  adjustments  to  acid-base  disturbances,  and  that  tissue 
cells  are  buffers  quite  as  much  as  are  bicarbonate  and  the  proteins  of 
plasma  and  red  cells.  In  acute  respiratory  disturbances  hydrogen  appears 
to  exchange  for  cellular  sodium  as  well  as  with  the  blood  buffer  proteins- 
under  such  acute  conditions  the  renal  adjustments  play  a  minor  role.  Re¬ 
gardless  ol  what  part  of  the  non-chloride  space  is  involved,  the  principle 
remains  the  same:  the  total  regulation  of  body  pH  involves  a  series  of 
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linked  extracellular,  intracellular,  and  renal  ionic  exchanges.  This  is  true 
for  the  metabolic  as  well  as  for  the  respiratory  disturbances. 
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PART  III 


Disease  Entities 


“But  the  urine  flowed  much  less  and  finally  the 

dropsical  swelling  seemed  to  grow.  ...” 

Domenica  Cotugno,  1775 


Chapter  12 
RENAL  FAILURE 


The  role  of  the  kidney  in  the  homeostatic  regulation  of  body  fluid  steady 
states  has  repeatedly  been  emphasized  in  the  preceding  discussions  ol 
physiologic  processes  in  health  and  disease.  It  is  not  surprising  that  with 
circulatory  failure  renal  function  becomes  compromised  even  though  the 
kidneys  themselves  are  morphologically  intact.  It  is  surprising,  however,  to 
find  that  in  many  diseases  of  the  kidneys  renal  function  is  often  maintained 
as  well  as  it  is.  Thus  in  some  patients  chronic  glomerulonephritis  is  com¬ 
patible  with  survival  and  well-being  during  several  decades.  In  many  in¬ 
stances  of  renal  disease  the  compensatory  adjustments  that  occur  are  so 
complete  that  no  clinical  disorders  of  water,  sodium,  and  potassium  me¬ 
tabolism  are  discernible.  With  inadequate  compensation  such  changes  are 
not  only  present  but  may  be  responsible  for  major  clinical  symptoms  and 
findings.  These  disorders  of  body  fluids  can  accelerate  the  course  of  the 
disease  and  lead  to  death. 

In  this  chapter  we  shall  concern  ourselves  only  with  renal  disease  accom¬ 
panied  by  renal  failure.  In  the  discussions  which  follow,  emphasis  will  be 
placed  upon  the  importance  of  an  optimistic,  as  well  as  a  realistic,  attitude 
in  treating  diseases  of  the  kidneys.  This  viewr  is  based  on  two  beliefs.  The 
fust  is  that  man's  patients  with  reversible  lesions  and  disease  states  in¬ 
volving  renal  failure  are  given  up  as  doomed  when  such  a  prognosis  is  not 
necessarily  warranted.  The  second  belief  is  that  the  chronic  renal  disease 
of  many  patients  is  compatible  with  life  for  longer  periods  than  is  usually 

appreciated;  these  patients  should  be  given  intelligent  medical  guidance 
and  care. 


I.  Aeute  Renal  Failure  Due  to  Tubular  Necrosis 

Abrupt  suppression  of  kidney  function  characterized  by  oliguria  or  anuria 
can  occur  as  a  result  of  1)  pre-renal  or  circulatory  failure,  2)  intra-renal 
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damage,  and  3)  post-renal  or  urinary  tract  obstruction.  Intra-renal  lesions 
may  be  those  of  acute  tubular  necrosis,  of  acute  glomerular  nephritis,  or  of 
collagen  diseases  such  as  lupus.  In  this  section  we  are  concerned  with  the 
intra-renal  lesions  of  acute  tubular  necrosis;  other  types  of  acute  renal 
failure  are  discussed  in  the  succeeding  sections. 


.4.  Etiology  and  Pathology 

Apart  from  mechanical  obstructions,  acute  tubular  necrosis  is  today  the 
commonest  cause  of  abrupt  renal  shutdown.  First  described  in  detail  by 
By  waters  (la-c)  in  war  casualties  and  later  given  the  name  “lower  nephron 
nephrosis”  by  Lucke  (Id),  it  has  since  been  reported  under  a  variety  of 
other  names  including  ischemuric  nephrosis,  tubular  nephritis,  glomerulo- 
nephrosis,  acute  toxic  nephrosis,  acute  ischemic  nephropathy,  etc.  The 
descriptive  term  of  Bull  and  associates  (le)  of  “acute  tubular  necrosis” 
seems  to  the  authors  to  be  the  most  appropriate  name  for  the  pathological 
state  and  “acute  renal  failure”  for  the  syndrome  of  the  associated  clinical 
and  biochemical  abnormalities  due  to  this  group  of  lesions.  This  syndrome 
recently  has  been  the  subject  of  a  number  of  detailed  reviews  (Id,  f-k). 

In  essence,  this  entity  is  due  to  extensive  tubular  damage  produced  by 
nephrotoxic  agents  such  as  mercuric  ion  or  carbon  tetrachloride  (2a-g),  by 
untoward  reactions  to  drugs  such  as  the  sulfonamides  (3a-c),  by  episodes 
of  intravascular  hemolysis  such  as  incompatible  blood  transfusion  or  black- 
water  fever  (4a-g),  or  by  renal  anoxia  due  to  shock  and  circulatory  iailuie 
(5a-k).  The  histopathology,  extensively  studied  by  Luck6,  Mallory,  Oliver, 
and  others  (Id,  5f,  6a-c),  is  characterized  by  necrosis  of  the  renal  tubules 
In  the  more  severe  cases  destruction  of  the  basement  membrane  occurs  anc 
this  may  result  in  failure  of  some  of  the  tubules  to  regenerate  and  heal.  With 
chemical  intoxications  the  lesions  are  more  uniformly  placed  in  the  proximal 
tubule,  whereas  those  due  to  circulatory  insufficiency  and  anoxia  are  spor- 
adically  located,  may  involve  any  portion  of  the  nephron  and,  desp.te  the 
nomenclature  do  not  predominate  in  the  lower  nephron.  Oliver  has  des  g 
““d  these^o  processes  as  “nephrotoxic”  and  “tubulorhexic”;  m  any 
particular  case  one  or  the  other  or  both  types  of  damage  may  be  present. 

B  Pathologic  Physiology  and  Clinical  Course 

The  degree  of  pathologic  damage  and  physiologic  disturbance  may  vary 
widelv  ami  hence  the  clinical  course  may  be  short  or  prolonged  and  the 
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h  IG-  124-  Schematic  Correlation  or  the  Renal  Function  and  Urinary  Volume 
in  the  Three  Phases  or  Acute  Renal  Failure  Due  to  Tubular 

Necrosis 

From  Bull,  Joekes,  and  Lowe  (le) 

of  Bull,  Joekes,  and  Lowe  (tig.  12-1).  The  clinical  course  of  these  three 
phases  is  illustrated  in  the  cases  of  two  of  our  patients  in  figures  12-2,  and 

L  The  oliguric  phase  usually  begins  within  a  few  hours,  and  is  fully 
established  by  the  end  of  the  first  24  to  48  hours,  after  the  initial  insult  to 
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the  kidney.  This  phase  is  the  result  of  progressive  deterioration  of  tubular 
function  plus  a  rapid  decline  in  renal  blood  flow  and  glomerular  filtration. 
The  oliguria,  due  to  passive  reabsorption  of  the  remaining  filtrate,  may 
last  for  a  period  of  only  a  day  or  so  to  one  as  long  as  three  weeks;  six  to 
twelve  days  are  the  more  common  periods  in  full-blown  cases  of  the  disease. 
During  this  time  the  patient  develops  the  early  symptoms  of  uremia  as 
well  as  the  biochemical  signs  which  are  discussed  below. 

In  describing  this  phase  of  the  syndrome  the  term  “anuria”  is  avoided 
because  the  urine  volume  is  usually  50  to  150  ml.  per  day;  complete  anuria 
with  no  urine,  in  the  authors’  experience,  is  seen  rarely  except  in  mechanical 
obstruction  to  the  lower  urinary  tract.  However  it  may  often  be  difficult  to 
detect  small  volumes  of  urine  with  intermittent  catheterization  and  the 
admixture  of  lubricants,  and  antiseptics.  The  urine  that  is  passed  usually 
contains  red  cells,  albumin,  and  casts,  and  does  not  have  a  high  specific 
gravity;  where  intravascular  hemolysis  is  a  precipitating  factor  free  hemo¬ 
globin  may  be  demonstrated  in  the  urine.  These  observations  in  addition 


Patient:  B.A.,  25$N,  Septic  abortion  -  acute  renal  failure 
Phase  :  Oliguric  Polyuric 


u  findings  are  shown  in  a  case  treated  cunsc. 

The  clinical  course  and  b,0f  ''U' rc®ented  j„  fig  12-1,  are  indicated.  (From 

lively.  The  several  phases,  schematically  pres 
unpublished  data  of  Bluemle  and  Elkinton.) 
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to  the  history  and  physical  findings  are  usually  enough  to  establish  the 
diagnosis.  Occasionally,  however,  it  may  be  necessary  to  increase  carefully 
the  total  intake  of  water  and  salt  to  rule  out  a  prerenal  cause  of  oliguria 
(dehydration,  salt  depletion).  Once  a  patient  is  suspected  of  having  acute 
tubular  damage  he  should  be  treated,  until  the  diagnosis  is  disproven  or 
recovery  occurs,  according  to  the  principles  outlined  later  in  this  section. 

2.  The  early  polyuric  phase  may  begin  with  a  rather  abrupt  increase 
in  urinary  output  (fig.  12-3)  or  may  be  an  acceleration  of  a  slower  steady 
increase  begun  during  the  earlier  oliguric  phase  (fig.  12-2).  In  either  case 
the  urine  volume  then  rapidly  reaches  a  peak  of  some  3  to  6  liters,  this 
period  corresponds  with  the  partial  restoration  of  the  renal  blood  flow  and 
glomerular  filtration  at  a  time  when  tubular  function  is  still  minimal.  The 
result  is  a  dilute  urine  of  a  specific  gravity  approximating  that  of  glomerular 
filtrate.  Due  to  faulty  tubular  reabsorption  this  urine  contains  large 
amounts  of  water  and  extracellular  electrolytes.  Loss  of  potassium  in  this 
phase  is  due  to  high  rates  of  tubular  secretion  of  the  ion  augmenting  that 
which  is  inadequately  reabsorbed. 

During  this  early  polyuric  phase  the  urea  clearance  remains  very  low 


Patient  :  K.B.,  429W,  Transfusion  reaction  -  acute  renal 


Reaction 


Fig.  12-3.  A  Case  op  Acute  Renal  Failure  Treated  with  the  Artificial  Kidney 

The  clinical  course  and  biochemical  findings  are  shown  before  and  after  dialysis 
in  the  oliguric  phase,  and  during  the  polyuric  phase.  In  the  former  treatment  in 

<8c  9s)“  restncti0n  0f  t0tal  fluid  intake  <»«  'able  12-1).  (From  liluemle  ct  al 
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because  of  the  back  diffusion  of  urea  from  glomerular  filtrate  in  the  lumen 
through  the  damaged  tubules  as  well  as  due  to  the  less  than  optimal  rate  of 
filtration.  The  concentration  in  blood  of  non-protein  and  urea  nitrogen 
therefore  remains  high  or  continues  to  rise  during  this  period  (figs.  12-2 
and  12-3).  Indeed,  at  this  time  the  clinical  signs  and  symptoms  of  uremia 
(stupor,  twitching,  hypertension,  and  convulsions),  may  reach  their  maxi¬ 
mum  intensity;  many  patients  die  in  this  phase  despite  the  hopeful  prog¬ 
nostic  sign  of  a  return  of  urine  flow. 

3.  The  late  polyuric  phase  is  marked  by  a  levelling  off  and  fall  in  the 
high  urine  outputs,  by  a  decline  in  the  clinical  signs  and  symptoms  of 
uremia,  and  by  a  return  of  the  biochemical  signs  towards  the  normal  range. 
This  is  the  period  of  restoration  of  renal  tubular  function.  The  polyuria 
may  take  many  days  to  subside;  some  evidence  of  renal  damage  frequently 
persists  for  many  months  or  for  an  indefinite  period,  although  renal  func¬ 
tion  may  be  entirely  adequate. 


C.  Body  Fluid  Disturbances 

In  acute  renal  failure  the  abnormalities  which  occur  in  the  composition 
and  distribution  of  the  body  fluids  are  the  direct  consequence  of  retention 
in  the  oliguric  phase  and  of  inadequately  regulated  excretion  in  the  pol)  ui  ic 
phase.  In  the  former  phase  the  body  fluids  are  essentially  a  closed  system 
in  which  catabolism  of  endogenous  tissue  and  therapy  (intake)  determine 
the  body  fluid  pattern.  In  the  latter  stage  the  rapid  changes  which  take 
place  are  the  resultant  of  fluid  constituents  administered  versus  the  renal 
and  extra-renal  losses.  Although  considerable  variation  occurs  from  case  to 
case  because  of  the  multiple  factors  involved,  the  principal  characteristics 

of  these  disturbances  are  well  established. 

1.  Water  and  total  extracellular  electrolyte  (sodium),  lhe  amine 
patient  is  extremely  susceptible  to  overhydration,  a  factor  in  therapy  first 
emphasized  by  Peters  et  al  (2b)  in  1933.  Many  patients  in  acute  renal 
failure  are  still  seen  with  peripheral  and  pulmonary  edema  which  is  pn- 
marily  the  result  of  administering  fluids  (to  “flush  out  the  kidneys  )  in 
amounts  far  beyond  the  capacity  for  extra-renal  excretion  through  the 
lungs  and  skin.  Since  such  fluids  usually  contain  little  or  no  extracellula 
electrolyte,  the  excess  water  is  distributed  between  the  extracellular  a.i( 
intracellular  fluid  compartments;  dilution  of  the  tota  body  electrol^  s 
indicated  by  the  associated  hyponatremia  (figs.  12-4,  12-5  12-6).  In _ad 
tion  to  excessive  intake  the  endogenous  production  of  water  by  oxidatim 

^ d^'wetl  ‘as  .’"‘that'ofSwan  and  Merrill  (li)  the  low  serum  sodium 
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Fig.  12-4.  Changes  in  Serum  Concentration  of  Electrolytes  in  Acute  Renal 

Failure 


In  these  10  adults  and  in  the  one  child,  circle  with  cross  bar,  with  acute  renal  fail¬ 
ure  of  the  acute  tubular  damage  or  lower  nephron  nephrosis  type  hyperphosphatemia 
was  regularly  present  with  some  lowering  of  the  calcium  levels.  The  chloride  values 
were  usually  low  and  this  was  also  true,  with  a  fewr  exceptions,  of  the  sodium  concen¬ 
trations.  Tendencies  to  acidosis  and  hyperkalemia  are  clearly  discernible.  (Unpub¬ 
lished  data:  F.  M.  Mateer  and  T.  S.  D.) 


concentration  is  almost  always  a  sign  of  overhydration.  Unfortunately  this 
is  a  common  finding  in  anuric  patients  (figs.  12-4,  12-6,  12-7). 

During  the  polyuric  phase  large  amounts  of  water  and  electrolyte  are 
excreted  by  the  kidneys  which,  if  not  replaced  in  part  by  the  therapist,  will 
result  m  serious  dehydration  and  salt  depletion  (le,  i,  8c).  This  is  a  relative 
matter  since  body  solids  as  well  as  water  are  being  diminished  (see  below 
and  fig.  12-7).  During  this  period  hyponatremia  and  hypokalemia  may  de- 
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Fig.  12-5.  Serum  Electrolyte  Concentrations  in  the i  Oliguric  Phase:  Lou 
Sodium,  Low  Chloride,  Low  Carbon  Dioxide,  High  ota  - 

Clinical  data  and  diagnosis.  I.  C.,  a  43-year-old  white  female 
lower  nephron  nephrosis  resulting  from  transfusion  reaction,  fifth  to  eleventl  y 


cone. 
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velop  or  be  present  as  the  result  of  external  losses  of  the  ions  rather  than  of 

overhydration  and  dilution  (fig-  12-3). 

2.  Extracellular  metabolic  acidosis  is  the  most  constant  derangement 
in  body  fluid  structure  during  acute  renal  insufficiency.  This  is  character¬ 
ized  by  depression  of  the  plasma  total  CO.  content,  of  the  plasma  concen¬ 
trations  of  bicarbonate  and  buffer  base,  and  of  the  pH  of  arterial  blood 
(8e-g).  It  is  predominantly  a  disturbance  in  relative  ionic  concentration 
(see  fig.  8-5b  in  chapter  7),  and  is  primarily  due  to  the  accumulation  of 
fixed  anions  (phosphates,  sulfates,  and  organic  acids)  irom  tissue  catabolism 
(fig.  12-2  to  12-5).  This  increase  in  concentration  of  “undetermined  anion 
may  routinely  be  quantitated  as  the  difference  between  the  concentration 
of  sodium  and  that  of  C02  or  bicarbonate  plus  chloride  (8h);  it  is  labeled 
“A”  in  figure  12-5  and  may  be  as  high  as  20  to  40  mEq.  per  liter,  as  com¬ 
pared  to  the  top  of  the  normal  range  of  this  moiety  of  11  to  14  mEq.  per 
liter.  The  mean  average  rate  in  one  of  our  patients  (8c)  of  accumulation  of 
absolute  amounts  of  “undetermined  anion,”  is  given  in  table  12-1. 

The  extracellular  concentration  of  chloride,  as  measured  in  serum  or 
plasma,  is  almost  always  below  normal  in  these  patients  with  uremic  acidosis 
(fig.  12-4).  This  can  usually  be  ascribed  to  overhydration  although  vomiting 


may  frequently  be  a  factor  (fig.  12-5).  In  any  case,  hypochloremia  is  a  highly 
desirable  feature,  since  it  indicates  more  “room”  in  the  closed  extracellular 
compartment  for  the  steadily  rising  quantity  of  other  fixed  anions  from 
cellular  catabolism;  it  does  not  carry  the  same  therapeutic  significance  as 
does  hyponatremia  and  in  general  the  administration  of  chloride  ion  is 
contraindicated  in  the  oliguric  phase.  (For  an  exception  to  this  rule  see 


fig.  23-2). 

During  the  polyuric  phase  and  during  vivo-dialysis  the  excess  of  fixed 
anion  and  the  resultant  metabolic  acidosis  are  corrected  (figs.  12-2,  12-3, 
25-6). 


3.  Potassium  accumulation  in  extracellular  fluid  is  an  important 
abnormality  in  respect  to  the  patient’s  survival  since  an  excess  of  potassium 
as  reflected  in  high  serum  levels  is  known  to  result  in  cardio-toxicity, 


anuria  shown  on  chart,  treated  with  sodium  bicarbonate  given  intravenously  (for 
acidosis)  and  with  ammonium  cycle  cation  exchange  resin  by  enema  to  remove  potas 
sium  (see  fig.  9-7).  Total  water  intake  restricted  but  somewhat  exceeded  the  extra- 
renal  water  loss  through  the  lungs  and  skin  (slight  degree  of  edema  observed). 

Interpretation  of  serum  concentration  on  day  five:  Body  fluid  'pattern-.  Excess  of 
water  in  relation  to  sodium,  despite  a  positive  sodium  balance  (hyponatremia  due  to 
dilution);  both  extracellular  and  intracellular  fluid  volumes  increased;  potassium 
from  catabolized  tissue  retained  probably  in  both  phases.  Progressive  accumulation 
of  acid  metabolites  (phosphates,  sulfates,  organic  acids)  displacing  bicarbonate 
(metabolic  acidosis). 


Physiologic  mechansm :  Absence  of  the  excretory  and  regulatory  function  of  the 
kidneys.  (From  Squires  and  Elkinton  (lOj ) .) 
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Patient:  M.W.,  409n,  Postoperative  oliguria,  nephrosclerosis 


pulmonary  edema 


catabolism  i_, - , - , - , - , - , - , - , - , - , - , - , - , 

Time-  day  of  anuria  18  20  22  24  26  28 

Fig.  12-6.  Overhydration  in  the  Oliguric  Phase  of  a  Patient  in  Acute  Penal 

Failure 


The  increase  in  weight  and  the  simultaneous  decrease  in  serum  sodium  concentra¬ 
tion  are  shown  at  the  top  of  the  chart.  The  daily  amounts  of  water  available  are  pre¬ 
sented  as  the  total  exogenous  water  intake  and  the  water  of  oxidation.  The  daily  total 
water  expenditure  consists  of  the  “sensible”  loss  of  water  in  urine,  feces,  sweat,  and 
vomitus  and  of  the  “insensible”  loss  by  vaporization  (calculated  from  the  change 
in  weight  of  the  patient  and  the  weights  of  intake  and  output). 

The  cumulative  change  in  actual  water  content  as  compared  to  the  theoretic 
change  in  water  calculated  for  protein  catabolism,  shows  that  the  relative  overhydra¬ 
tion  was  even  greater  than  the  absolute  overhydration.  The  extra  intake  of  500  ml. 
water  on  the  23rd  day  of  oliguria  was  given  to  demonstrate  that  the  oliguria  was  not 
due  to  inadecpiate  administration  of  water;  pulmonary  edema  ensued.  (From  Bluemle 
Potter,  and  Elkinton  (8c).) 


asystole,  and  death  (8i-k).  Hyperkalemia  frequently  occurs  in  renal  in¬ 
sufficiency  (8k-o),  is  usually  associated  with  anuria  or  oliguria  (fig-  l--3p 
and  requires  immediate  treatment  as  outlined  below.  (See  also  figs.  9-8 

and  9-9).  ,  T  .  , 

4.  Intracellular  ion  abnormalities  are  less  clearly  defined.  It  is  not 

known  whether  an  intracellular  excess  of  potassium  in  cardiac  muscle  plays 

a  role  in  the  cardio-toxicity  mentioned  above.  Intracellular  sodium  appeals 
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Fig.  12-7.  Changes  in  Body  Composition  during  Acute  Renal  Failure 


The  calculated  changes  in  the  various  body  components  are  presented  on  the  right, 
for  the  same  patient  shown  in  fig.  12-3  and  in  table  12-11.  The  absolute  values  are  pre¬ 
sented  on  the  left  and  the  outline  of  the  daily  urine  volume  is  superimposed  on  a  scale 
of  1  liter  to  10  kg. 

The  lean  body  mass  was  calculated  from  the  rate  of  production  of  creatinine,  and 
the  body  fat  by  difference  from  the  total  body  weight,  at  the  end  of  the  illness.  The 
absolute  values  were  then  determined  backwards  in  time  using  the  changes  in  total 
fat  and  total  water  as  calculated  from  the  insensible  weight  loss,  the  metabolic  mix¬ 
ture,  and  the  change  in  weight.  Data  for  the  day  of  dialysis  is  omitted  although  the 
patient  was  essentially  in  balance  for  that  24-hour  period.  These  absolute  values  for 
the  body  components  are  not  directly  measured  but  are  indirectly  derived  and  there¬ 
fore  are  only  approximations. 

During  both  the  oliguric  and  polyuric  phases  there  was  a  progressive  diminution  in 
all  components.  (From  Bluemle,  Potter,  and  Elkinton  (8c).) 


to  be  depleted  in  metabolic  acidosis  (8p)  and  certainly  a  considerable  por¬ 
tion  of  administered  sodium  ion  leaves  the  extracellular  fluid  or  chloride 
space  in  uremic  acidosis  (8g). 

o.  Changes  in  body  composition  during  the  course  of  acute  renal 
failure  aie  large  and  therapeutically  significant.  All  these  patients  lose 
weight,  if  not  during  the  oliguric  phase,  at  least  during  the  polyuric  phase. 
Part  of  this  weight  loss  is  due  to  the  combustion  of  body  fat.  The  lean  body 
mass  is  also  reduced:  a  portion  of  the  fat-free  solids,  which  essentially  is 
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Table  12-1. 


INDICES  OP  CATABOLIC  RATE,  METABOLIC  MIXTURE,  AND  FACTORS  OF  WATER 
EXCHANGE  DURING  ACUTE  RENAL  FAILURE* 

Average  values  in  patient  K. B. (Bluemle,  Potter,  and  Elkinton(8c) ) 

I. 

Blood  and  serum  concentrations: 

Unit 

/day 

Oliguric  Polyuric 
phase  phase 

(8  days) (10  days) 

A.  a  bun 

mg.% 

+  24.4 

-  13.2 

B.  ACreatinine 

mg.% 

+  2.2 

-  1.8 

C.  ak 

mEq./l. 

+  0.  16 

0 

II. 

D.  ANa  -(C0p  +  Cl)  or  ax 
Extracellular  quantity: 

mEq./l. 

+  2.3 

0 

A.  a  HgOg  or  aec1 

B.  A  Xp 

ml. 

-100 

-200 

mEq. 

+  16.4 

-  17.6 

III. 

C.  ake 

Total  body  quantity: 

mEq. 

+  2.1 

-  2.3 

A.  AWeight 

gram 

-483 

-298 

B.  Protein  metabolized 

gram 

45 

53 

C.  Carbohydrate  metabolized 

gram 

86 

198 

D.  Fat  metabolized 

gram 

241 

101 

E.  Total  calories 

ml. 

2778 

1980 

IV. 

P.  AWater 

Water  exchange: 

ml. 

-231 

-143 

A.  Exogenous  intake 

ml. 

911 

2525 

B.  Endogenous  HpO  of  oxidation 

ml. 

327 

249 

C.  Endogenous  tissue  HpO 

ml. 

136 

160 

D.  "Sensible”  HpO  loss  (urine, 
feces,  etc. ) 

ml. 

337 

2233 

E.  "Insensible”  HpO  loss  (vapor 
and  sweat 

ml. 

1164 

889 

F.  Exogenous  HpO  needed  in  excess 
of  "sensible”  loss,  E  -(B+) 

ml. 

693 

480 

G.  Exogenous  HpO  given  in  excess 
of  "sensible”  loss,  A  -  D 

ml. 

574 

292 

H.  HpO  excess  or  deficit  over 
“Ideal”  HpO  content,  F  -  9 

ml. 

-119 

-188 

*  +  indicates  excesses 
-  indicates  deficits 


tissue  protein,  is  catabolized  and  the  corresponding  tissue  water  excreted. 
These  changes  are  illustrated  in  figure  12-7;  and  the  changes  calculated  in 
our  series  (8c)  are  in  approximate  agreement  with  those  found  in  a  few 
cases  by  Swan  and  Merrill  (li)  and  Moore  et  al.  (8r),  and  in  the  10  cases 

observed  by  Hamburger  and  Richet  (8q). 

The  catabolism  of  body  fat  and  of  tissue  protein  results  in  the  endogenous 

formation  of  water  (1.07  ml.  II ,0  per  1  gm.  fat,  0.41  ml.  H„0  per  gm  pro¬ 
tein)  usually  called  the  “water  of  oxidation.”  In  addition  a  moiety  ot 
“tissue  water”  is  “freed”  as  the  normal  ratio  is  maintained  between  water 
and  the  diminishing  fat-free  solids  (or  tissue  protein)  of  the  lean  body  mass. 
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Together  these  two  sources  of  “endogenous  water”  may  be  equivalent  to 
one-third  or  more  of  the  extra-renal  or  “insensible”  water  loss.  1  his  has  an 
important  bearing  on  therapy.  During  the  oliguric  phase  more  water  from 
exogenous  sources  is  usually  supplied  than  is  required  to  meet  the  sum  oi 
the  small  “sensible”  losses  of  water  in  urine,  feces,  sweat,  or  vomitus  and  t  he 
“insensible”  losses  by  vaporization.  The  result  is  over-hydration  or  an  in¬ 
crease  in  body  water  in  relation  to  body  solids,  with  the  usual  signs  of 
edema  and  hyponatremia. 

These  factors  in  the  water  exchange  of  the  patient  whose  case  is  illustrated 
in  figures  12-3  and  12-7  are  presented  in  table  12-1.  The  average  rates  of 
exchange  are  given  for  the  oliguric  and  for  the  polyuric  phases.  In  the  oli- 
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guric  phase  the  exogenous  water  supplied  (IV  9),  574  ml.  per  day,  did  not 
exceed  the  exogenous  water  required  in  excess  of  the  “sensible”  water  loss 
(IV  F),  693  ml.  per  day;  the  result  was  that  the  patient  did  not  become 
over-hydrated  (fig.  12-7)  and  did  not  develop  edema  and  hyponatremia 
(fig.  12-3).  Where  water  is  given  in  excess  of  the“sensible”  and  “insensible” 
losses  without  regard  to  the  water  made  available  endogenously,  edema 
and  hyponatremia  ensue  (fig.  12-6). 

D.  Therapy  in  the  Oliguric  Phase 

The  basic  principles  of  fluid  therapy  of  the  subject  with  absent  renal 
function  were  early  emphasized  by  Peters  et  al.  (2b)  and  have  since  been 
widely  recognized  and  applied  in  this  condition  (4g,  5g,  7c,  9a-p). 

1.  Rigid  restriction  of  total  fluid  intake  is  the  cornerstone  of  good 
conservative  management.  The  chief  exception  to  this  rule  is  the  administra¬ 
tion  of  several  liters  of  fluid  on  the  first  day  of  oliguria  if  a  nephrotoxic 
agent  has  been  ingested  or  if  dehydration  is  suspected  as  the  cause  of  the 
low  urine  volume.  To  minimize  tubular  damage,  tubular  urine  should  be 
kept  dilute  in  the  presence  of  nephrotoxic  agents  and  free  hemoglobin. 
Otherwise  it  is  of  the  utmost  importance  to  restrict  the  total  fluid  intake  to 
an  amount  equivalent  to,  or  less  than,  the  expected  extrarenal  loss  of  water. 
This  amounts  to  800  to  1500  ml.  in  the  average  sized  afebrile  adult  patient. 
Since  water  is  being  formed  endogenously,  it  may  be  advisable  to  give  less. 
Daily  weighings  of  the  patient  (9q)  are  of  great  assistance  in  determining 
total  fluid  requirements.  Ideally,  the  patient  should  be  so  regulated  as  to 
lose  a  small  amount  of  weight  daily  as  both  the  water  and  solid  phases  of 
his  lean  body  mass  are  diminished  by  the  catabolic  process  (see  above). 

These  patients  are  extremely  susceptible  to  water  overloading.  If  pul¬ 
monary  or  peripheral  edema  has  appeared,  the  daily  fluid  intake  should  be 
reduced  toward  or  to  the  zero  mark;  this  measure  alone  may  clear  the 
edema  (fig.  12-6).  However,  digitalis  should  be  given  with  caution  (see 
below)  when  congestive  heart  failure  is  superimposed  on  acute  renal  disease 
(9r  v)‘  other  measures  such  as  oxygen  therapy  and  aerosal  sprays  may  be 
useful  therapeutic  adjuncts.  The  removal  of  edema  fluid  by  ultrafiltration 
in  a  rigid  dialyzer  of  the  Skeggs-Leonards  type  has  been  accomplished  y 
ourselves  (9s)  and  by  others  (9t,  u),  (see  chapter  25  and  figure  25-/).  Oyer- 
hydration  is  not  the  sole  cause  of  pulmonary  edema  in  amine  patients  since 
it  can  also  develop  as  a  result  of  a  redistribution  of  body  fluids  into 

P,'lmpre7cntiont  of  any  intake  of  potasdum  and  protein  is  likew.se 
essential.  Potassium  should  be  allowed  only  under  the  rare  circumstance  o 
the  simultaneous  presence  of  potassium  deficiency;  otherwise  it  is  contni- 
indicated  The  rise  of  the  extracellular  concentration  of  potassium 


renal  failure 
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dangerous  levels  (above  0.0  mEq.  per  liter)  can  be  detected  by  plasma  01 
serum  determinations  and  can  be  assessed  functionally  by  serial  electro¬ 
cardiographic  tracings  (see  fig.  9-8).  Treatment  advocated  in  the  past  has 
been  administration  of,  «)  glucose  and  insulin  to  promote  mh  acellular up¬ 
take  of  the  ion,  b)  hypertonic  sodium  solution,  and  c)  calcium  as  an  ionic 
antagonist  in  the  heart.  In  our  experience  the  effect  of  these  measures  la 
proven  inadequate  and  of  short  duration.  Vivo-dialysis  by  means  of  an 
artificial  kidney  is  the  most  effective  and  rapid  treatment  (see  chapter  25) ; 
where  this  procedure  is  not  readily  available,  cation  exchange  resin  should 
be  tried.  This  procedure  was  first  demonstrated  in  one  of  our  departments 
(9v)  and  has  been  found  to  be  a  simple  and  usually  effective  treatment  of 
this  complication  (see  chapter  9  and  figure  9-7)  (5j,  9w).  Resin  ill  the  am¬ 
monium,  hydrogen,  or  (preferably)  sodium  cycle  is  given  by  mouth  oi 
by  enema;  the  latter  procedure  consists  of  the  instillation  through  a  high 
rectal  tube  of  25  to  40  grams  of  resin  as  a  10  per  cent  suspension  in  tap 
water,  and  is  indicated  in  the  vomiting  patient.  Occasionally,  difficulties 
are  encountered  in  the  formation  of  impactions  or  in  inability  to  retain  the 
enema. 

Protein  foods  are  contraindicated  since  they  will  add  to  the  catabolic 
products  (non-protein  nitrogen,  phosphates,  and  sulfates)  already  being 


accumulated. 

3.  A  diet  high  in  carbohydrate,  fat,  and  calories  is  advocated  by 
many  (9e,  i,  p)  although  Swan  and  Merrill  (li)  doubt  its  efficacy  in  retard¬ 
ing  the  catabolic  rate.  Such  a  diet  which  must  simultaneously  be  low  in 
potassium  and  total  fluid  volume  is  best  administered  in  the  form  of  a 
vegetable  oil  mixed  with  sugar  (see  chapter  24,  table  24-1,  Preparation  A,  9). 
This  preparation  can  be  dripped  through  a  fine  polyvinyl  tube  into  the 
stomach  in  those  patients  in  whom  nausea  and  vomiting  prevent  taking 
a  diet  by  mouth.  For  those  who  can  eat,  steamed  rice  with  liberal  amounts 
of  butter  and  sugar  provides  a  similar  food.  While  it  is  unlikely  that  most 
patients  will  take  enough  calories  by  these  regimens  to  approach  the  total 
caloric  expenditure,  the  catabolism  of  endogenous  fat  and  protein  is  prob¬ 
ably  spared  to  some  extent  and  to  the  patient’s  benefit. 

4.  Sodium  alkali  solutions  for  the  metabolic  acidosis  of  uremia 
have  proven  effective  (8g,  9x),  although  large  and  variable  portions  of  the 
administered  sodium  may  enter  the  “intracellular”  or  non-chloride  space 

Opinions  differ  as  to  the  advisability  or  magnitude  of  such  therapy. 
In  the  authois  expeiience  it  has  appeared  to  be  life-saving  in  cases  with 
severe  degrees  of  uremic  acidosis.  In  general,  40  to  80  mEq.  of  either  sodium 
bicarbonate  or  sodium  lactate  can  be  infused  per  day  by  adding  1  to  2  am¬ 
pules  of  the  concentrated  solution  to  other  intravenous  fluids  (see  chapter 
24  and  table  24-1  f,  solution  D,  4).  ft  must  be  remembered  that  the  deficit 
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oi  cxti acellular  bicai bonate  and  buffer  anion  in  renal  failure  is  primarily  the 
result  of  a  retention  of  fixed  anion  rather  than  of  a  deficit  of  fixed  cation, 
hoi  this  leason  sodium  alkali  must  be  given  in  moderate  doses  in  order  not 
to  overload  the  extracellular  fluid.  In  the  oliguric  phase  it  is  not  desirable 
to  attempt  to  bring  the  bicarbonate  concentration  all  the  way  back  to 
normal  levels,  unless  retained  fixed  anion  is  removed  by  a  dialyzing  pro¬ 
cedure. 

Hie  main  contraindications  to  the  administration  of  sodium  alkali  solu¬ 
tions  are  the  development  of  hypertension,  convulsions,  and/or  congestive 
heart  failure.  Measurement  of  the  blood  pressure  and  auscultation  of  lung 
bases  are  the  best  guides  to  this  therapy.  With  these  limitations  in  mind 
these  solutions  may  often  aid  in  controlling  the  acidosis,  particularly  in 
patients  with  hyponatremia  (fig.  12-5). 

5.  Calcium  is  an  important  adjunct  to  therapy.  Although  the  muscular 
twitchings  and  convulsions  so  commonly  seen  in  uremic  patients  are  fre¬ 
quently  due  to  intracranial  vascular  disease  and  edema  (10a),  they  may 
sometimes  be  tetanic  in  origin.  In  such  cases  intravenous  administration 
of  calcium  ion  (as  1  to  3  grams  of  calcium  gluconate  in  10  per  cent  solution, 
per  day)  will  often  control  the  neuromuscular  irritability;  occasionally  as 
high  a  dose  as  12  grams  per  day  may  be  required  to  control  severe  convul¬ 


sions.  Magnesium  sulfate  (2  per  cent  solution)  has  been  advocated  (10b) 
but  is  probably  hazardous  in  the  severely  oliguric  patient. 

Other  indications  for  calcium  are  a)  the  intravenous  administration  of 
sodium  bicarbonate  or  lactate,  b)  hyperkalemia,  and  c)  hypocalcemia  in 
the  polyuric  phase.  The  rationale  is  based  on  the  tact  that  a  rise  in  pll  i\ ill 
induce  tetany,  presumably  because  of  the  decrease  in  concentration  of 
ionized  calcium  in  plasma.  The  use  of  calcium  as  an  ionic  antagonist  to 
potassium  has  been  discussed  above.  Tetany  due  to  excessive  loss  during 

diuresis  obviously  requires  calcium  therapy  (10c). 

6.  The  use  of  digitalis  in  the  oliguric  phase  presents  a  serious  dilemma. 
Many  such  patients  have  potential  or  actual  congestive  heart  failure  and 
need  the  benefit  of  digitalization.  On  the  other  hand,  the  efiect  ol  digitalis 
on  the  heart  is  inhibited  by  high  levels  of  potassium  (lOd,  e),  hence  the 
abrupt  removal  of  potassium  either  by  dialysis  or  by  diuresis  may  lead  to 
digitalis  intoxication  in  the  patient  whose  digitalization  was  optimal  when 
in^the  hyperkalemic  state.  This  has  been  demonstrated  experimentally  by 
the  dialysis  of  digitalized  dogs  (10f).  Since  calcium  antagonizes  potassium 
and  enhances  the  effect  of  digitalis  in  the  heart  (lOd),  it  is  clear  that  eac 
patient  presents  an  individual  problem  in  respect  to  the  simultaneous  vari¬ 
ation  of  these  three  physiologic  and  therapeutic  factors 

7  Vivo -dialysis  of  the  patient  with  acute  renal  failure  has  been  accon 
plished  by  peritoneal  and  gastro-intestinal  lavage,  by  exanguination  trans- 


RENAL  FAILURE 


307 


fusion  and  by  extra-corporeal  hemodialysis  in  artificial  kidneys  of  the 
various  types  developed  by  Kolff,  Alwall,  and  Skeggs  and  Leonaic  s. 
though  the  efficacy  of  dialyzing  procedures  in  reducing  mortality  has  yet 
to  be  settled,  in  the  authors'  opinion  this  procedure  is  indicated  and  may  be 
life-saving,  in  those  patients  with  a  high  catabolic  rate  due  to  infection, 
trauma,  etc.  The  indications,  technics,  and  hazards  of  vivo-dialysis  are  d is- 

cussed  in  detail  in  chapter  25.  .  ,  ,  ,, 

8.  Other  procedures  such  as  decapsulation  of  the  kidney  and  the  in¬ 
jection  of  procaine  have  been  recommended  for  acute  tubular  necrosis 
(lOg,  h).  We  see  no  need  for  their  use  in  place  of  the  preceding  measures  of 

therapy. 


E.  Therapy  in  the  Polyuric  Phase 

The  guiding  principle  of  treatment  in  this  phase  of  the  disease  is  to  le- 
place  the  excessive  amounts  of  water,  extracellular  electrolytes,  and  potas¬ 
sium  being  lost  through  the  diuresing  kidney.  In  determining  the  amount 
of  these  constituents  to  administer  each  day  the  following  items  of  infor¬ 
mation  are  helpful:  1)  the  daily  decrement  of  weight,  2)  the  presence  or 
absence  of  hyponatremia  or  hypokalemia,  3)  the  amount  of  water  and 
electrolyte  excreted  the  previous  day,  4)  electrocardiographic  evidence  for 
or  against  hypokalemia,  and  5)  the  clinical  appearance  of  the  patient  in 
respect  to  lethargy,  thirst,  and  signs  of  hypotension  and  peripheral  vascular 
collapse.  Restriction  of  water  may  slightly  diminish  but  will  not  retard  the 
diuresis  (li,  lOi),  since  the  diuresis  is  due  to  faulty  tubular  reabsorption 
and  not  just  to  over-hydration  during  the  oliguric  phase.  During  the  height 
of  severe  diureses  the  rapid  development  of  fluid  depletion  should  be 
watched  for  closely  and,  if  possible,  prevented  by  administration  of  ade¬ 
quate  amounts  of  electrolytes  and  water. 

Finally,  it  should  be  emphasized  that  as  soon  as  the  azotemia  subsides 
(late  polyuric  phase)  it  is  important  to  place  the  patient  in  an  anabolic 
state  by  giving  a  high  protein  diet. 


II.  Other  Forms  of  Acute  Renal  Failure 

Other  intra-renal  lesions  besides  tubular  necrosis,  as  well  as  pre-renal 
and  post-renal  conditions,  may  cause  acute  failure  of  the  kidneys.  In 
general,  the  effects  on  the  body  fluids  are  similar  to  those  just  presented 
and  will  therefore  not  be  discussed  again  in  detail.  Certain  therapeutic 
features,  however,  are  different  and  warrant  some  mention. 

A .  Acute  Glomerulo-,  Pyelo-  or  Focal  Nephritis 

Manifest  renal  failure  appears  much  more  frequently  in  glomerulo¬ 
nephritis  than  it  does  in  pyelonephritis.  It  is  questionable  whether  focal 
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nephritis  by  itself  can  impair  renal  function  sufficiently  to  produce  renal 
failuie.  In  other  respects,  however,  these  throe  entities  tend  to  produce  a 
common  picture  which  varies  only  in  degree.  Thus  hypertension,  albumi¬ 
nuria,  casts,  erythrocytes  and  leukocytes  appear  in  all,  apart  from  the 
evidences  of  infection,  systemic  and  urinary,  in  pyelo-  and  in  focal  nephri¬ 
tis.  The  bacteriologic  component  in  these  last  two  entities  immediately 
indicates  that  prompt  and  successful  therapy  of  the  infection  and  of  the 
underlying  cause  will  usually  restore  renal  function  to  its  former  levels. 

The  antibiotic-chemotherapeutic  approach  is  of  limited  value,  if  any,  in 
glomerulonephritis  where  infections,  usually  of  the  respiratory  type,  serve 
only  as  incitants  of  the  nephritic  reaction.  Clinical  observations  suggest 
that  many  of  the  cases  of  acute  glomerulonephritis  subside  and  resolve 
spontaneously  (lla-g).  It  is  therefore  very  difficult  to  estimate  the  actual 
percentage  of  renal  failure  in  acute  glomerulonephritis.  Obviously,  hospital 
admission  statistics  will  be  based  largely  on  the  more  severe  cases.  None¬ 
theless  these  are  the  problem  cases  and  hence  the  discussion  of  renal  failure 
will  be  limited  to  these. 

1.  Clinical  and  laboratory  manifestations  in  acute  glomerulone¬ 
phritis.  In  the  acute  phase  the  malaise,  anorexia,  headache  and  weight 
gain  which  appear  in  many  of  the  patients  are  accompanied  by  hyperten¬ 
sion,  diminished  urine  volumes,  and  edema.  Indeed,  congestive  heart 
failure  is  a  frequent  and  dangerous  concomitant  of  acute  glomerulonephri¬ 
tis  (9y,  llh).  Convulsions  develop  in  a  few  patients.  In  the  early  phase  of 
acute  glomerulonephritis  of  sufficient  severity  to  require  hospitalization  the 
whole  blood  non-protein  nitrogen  is  slightly  or  moderately  elevated,  and 
hypoalbuminemia  and  hyperchloremia  are  often  present.  Sodium,  potas¬ 
sium,  and  serum  inorganic  phosphorus  may  be  elevated.  On  the  other  hand 
serum  carbon  dioxide  content  and  the  globulin  and  calcium  levels  are 


usually  not  altered. 

In  many  of  these  patients  improvement  and  apparently  complete  re¬ 
covery  occur  spontaneously  during  enforced  rest,  digitalization,  sodium 
restriction,  etc.  This  may  require  many  months.  Occasional  patients  with 
acute  glomerulonephritis  go  on  to  complete  anuria.  Some  of  these  represent 
instances  of  cortical  necrosis  (Hi).  In  either  case  the  prognosis  is  grave 
with  potassium  intoxication,  pulmonary  edema,  convulsions,  respiratory 
failure,  and  death,  as  in  acute  tubular  necrosis.  The  therapy  of  these  pa¬ 
tients  is  the  same  as  that  outlined  for  anuric  patients  with  that  disease. 


jj  Acute  Renal  Failure  in  Disseminated  Lupus,  Rheumatic  Fever,  and  Other 
Collagen  Diseases 

Occasional  patients  with  these  disease  entities  show  particular  renal 
involvement  with  rapidly  progressive  failure  (llj,  k).  If  the  course  of  the 
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disease  cannot  be  retarded  by  adrenocortical  steroids  or  ACTH  m  adequate 
dosage  Theonly  measure  left  is  vivo-dialysis.  We  have  been  only  par¬ 
tially  successful  in  treating  such  patients  by  conservative  means  or  by 

vivo-dialysis  (8g,  9s,  111)- 


C.  Pre-renal  ( Circulatory )  Acute  Renal  F ailure 

This  category  of  acute  renal  failure  includes  those  patients  with  intact 
renal  tubules  who  fail  to  make  urine  because  of  an  inadequate  renal  blood 
flow  and  rate  of  glomerular  filtration.  This  is  failure  ol  the  whole  lenal 
circulation  and  not  an  intra-renal  shunt  of  blood  Irom  cortex  to  medulla, 
as  described  by  Trueta  et  al.  in  experimental  animals  (11m).  lhe  liueta 
shunt  has  not  been  found  in  human  subjects  (le,  lln).  Pre-renal  circulatory 
failure  is  probably  one  of  the  commonest  types  ol  acute  lenal  insufficiency  , 
it  is  recognized  by  the  prompt  restoration  ol  urine  flow  and  lenal  function 
when  the  circulatory  inadequacy  has  been  treated.  Such  inadequacy  of  the 
general  and  renal  circulation  is  not  infrequently  the  consequence  of  sodium 
depletion  in  patients  with  hypertension  or  congestive  heart  failure  who 
have  received  prolonged  treatment  with  low  sodium  diets  and  mercurial 


diuretics.  A  similar  episode  may  occur  in  the  postoperative  patient  whose 
deficits  of  extracellular  electrolyte  have  not  been  adequately  replaced. 
Despite  the  possibility  of  some  increase  in  localized  or  generalized  edema 
or  in  hypertension,  such  patients  should  be  given  a  trial  increase  in  sodium 
intake  (see  chapter  23).  Patients  with  severe  shock,  of  course,  may  develop 
tubular  necrosis,  as  described  earlier  in  this  chapter. 


D.  Post-renal  Obstruction  as  Cause  of  Acute  Renal  Failure 

These  cases  properly  belong  in  the  realm  of  urology  but  they  are  men¬ 
tioned  here  because  the  question  of  obstruction  as  a  cause  of  anuria  or 
renal  failure  must  be  raised  in  each  patient  (llo).  This  especially  is  true 
in  those  patients  who  present  complete  anuria  as  opposed  to  severe  oliguria 
(9s).  Patency  of  urinary  passages  must  be  established  in  each  patient  by 
ureteral  catheterization  or  other  means.  No  amount  of  fluid  therapy  or 
dialysis  can  by  itself  remove  an  obstruction  caused  by  a  bladder  or  pelvic 
tumor,  or  by  an  inadvertent  ligature,  though  these  measures  will  serve  to 
tide  the  patient  over  until  the  obstruction  can  be  removed. 

III.  The  Nephrotic  Syndrome  and  Renal  Failure 

The  nephrotic  syndrome  in  its  essence  consists  of  profuse  albuminuria 
which  ultimately  depletes  serum  albumin  and  may  result  in  edema  or 
anasarca.  In  adults  it  is  seen  most  often  as  a  phase  of  glomerulonephritis, 
though  it  may  also  occur  in  amyloidosis,  in  syphilis,  in  diabetes  mellitus 
as  the  Kimmelstiel-Wilson  syndrome,  in  disseminated  lupus,  or  as  a  reac- 
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tion  to  therapy  with  certain  anticonvulsive  drugs.  In  all  of  these  instances 
some  measure  of  hematuria  and  cast  formation  is  present.  The  occurrence 
of  lipoid  nephrosis  in  children,  characterized  by  profuse  albuminuria  with¬ 
out  formed  elements  and  without  vascular  reaction,  was  originally  respon¬ 
sible  foi  the  concept  that  this  was  a  metabolic  rather  than  a  renal  disorder 
(12a-e).  The  better  prognosis  in  children  with  this  disease  compared  to 
adults  with  a  nephrotic  component  was  thought  to  support  this  view.  In 
recent  years,  however,  closer  study  of  the  cases  of  pure  lipoid  nephrosis 
lias  revealed  hypertension  as  well  as  findings  compatible  with  a  glomerulo¬ 
nephritis  often  enough  to  warrant  including  this  entity  within  the  nephritic 
group.  The  nephrotic  syndrome  also  may  be  a  manifestation  of  renal  vein 
thrombosis.  The  clinicopathologic  meaning  of  the  nephrotic  syndrome  has 
been  reviewed  by  Allen  (12f). 

Many  of  the  children  and  adults  with  the  nephrotic  syndrome  have  an 
elevation  of  the  whole  blood  non-protein  nitrogen  when  first  seen,  in  addi¬ 
tion  to  the  characteristic  hypoalbuminemia  and  the  frequent  hyper¬ 
cholesterolemia.  More  detailed  studies  of  renal  blood  flow  and  glomerular 
filtration  point  to  the  presence  of  renal  disease  with  compensating  adjust¬ 
ments  (12e).  Usually,  these  ultimately  prove  inadequate  to  cope  with 
ordinary  solute  and  water  loads,  and  retention  of  sodium,  chloride,  and 
water  results,  and  metabolic  acidosis  develops. 

The  treatment  of  the  above  manifestations  has  been  detailed  in  chapter 
9.  Particular  care  should  be  paid  to  the  sections  dealing  with  the  use  of 
colloid  solutions  and  with  the  administration  of  potassium.  The  only  regi¬ 
mens  which  may  prove  effective  in  the  treatment  of  the  nephrotic  syndrome 
are  a)  the  administration  of  cortisone  or  ACTH  in  adequate  dosage  to  those 
patients  in  whom  the  underlying  disease  is  either  glomerulonephritis  or 
lupus,  and  b)  the  removal  of  the  cause  whether  it  be  amyloidosis,  syphilis, 
or  a  drug  which  is  producing  a  toxic  reaction  (13a-o).  It  should  be  pointed 
out,  however,  that  patients  with  far-advanced  renal  failure  have  not  re¬ 
sponded  favorably  to  ACTH  or  cortisone  and  hence  these  agents  should 
be  given  in  the  early  stages  of  renal  failure.  In  children,  remissions  of  the 
nephrotic  syndrome  may  follow  acute  exanthematous  diseases  such  as 
measles.  There  is  at  present  no  specific  treatment  and  only  symptomatic 
relief  for  patients  with  the  Kimmelstiel-Wilson  syndrome. 

IV.  Chronic  Renal  Failure 

A .  Functional  Characteristics 

Progressive  renal  damage  gradually  reduces  the  amount  of  functioning 
parenchyma.  This  occurs  in  the  course  of  glomerulo-  or  pyelonephritis,  m 
nephrosclerosis,  in  congenital  polycystic  disease,  in  obstructive  urinary 
tract  lesions,  in  primary  hyperparathyroidism,  in  vitamin  D  poisoning  as 
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.  11  ,,  in  nprtain  cases  of  gout  and  of  collagen  disease  (llj,  k,  o,  14a  1).  In 
'  M  of  these  entities  manifest  renal  failure  is  often  staved  off  by  compensa¬ 
tory  mechanisms.  '1'h us  the  decrease  in  the  number  of  funct.omng  nephrons 
Lulls  in  hypertrophy  of  the  remainder;  decreases  in  blood  flow  to  the 
kidney  are  in  part  or  largely  cancelled  by  the  increased  Percental 5  of t 
blood  converted  to  filtrate;  rises  in  urea  nitrogen  increase  the  clearanc 
of  this  material;  and  an  increased  intake  of  water  and  output  of  mine 
permit  solute  excretion  in  a  kidney  with  limited  concentrating  and  diluting 

abilities  (14f,  i).  ,  ,  ,  . 

When  such  compensating  mechanisms  are  no  longer  adequate  manliest 

renal  failure  appears.  Its  subsequent  course  is  usually  gradual  and  in  many 
patients  compatible  with  effective  living  over  a  period  of  decades.  When¬ 
ever  an  accelerated  decline  appears  in  such  patients  a  search  must  be  made 
for  the  precipitating  or  inciting  cause:  did  a  respiratory,  urinary,  or  sys¬ 
temic  infection  produce  an  acute  flare-up;  has  the  patient  developed  conges¬ 
tive  heart  failure;  or  has  dehydration  or  salt  depletion  been  superimposed 
upon  the  chronic  limitations  of  kidney  function,  etc.? 


B.  Electrolyte  Abnormalities 

The  picture  of  ultimate  far-advanced  renal  failure  or  uremia  is  well- 
known  clinically,  although  many  of  the  biochemical  changes  are  not  fully 
appreciated.  The  rises  in  urea,  creatinine,  uric  acid  and  other  components 
of  the  non-protein  nitrogen,  as  well  as  in  the  undetermined  acid  fraction, 
are  accompanied  by  a  progressive  decline  in  serum  total  carbon  dioxide 
content.  This  metabolic  acidosis  does  not  produce  any  recognized  symp¬ 
toms  until  the  bicarbonate  level  is  below  ten  milliequivalents  per  liter, 
when  overbreathing  of  the  Kussmaul  type  may  set  in.  Characteristically 
the  serum  inorganic  phosphorus  rises  to  levels  three  or  four  times  those 
present  with  adequate  renal  function.  This  is  often  but  not  always  ac¬ 
companied  by  a  decrease  in  total  and  in  ionizable  calcium  (15a-d).  The 
latter  change  only  rarely  produces  tetany  and  then  only  when  alkali  has 
been  given.  In  some  patients  the  drop  in  calcium  does  not  occur  and  in 
these  it  is  reasonable  to  suspect  that  secondary  hyperparathyroidism  has 
developed  (IGa-g).  The  sodium,  chloride,  and  potassium  levels  are  often 
well  maintained  despite  restricted  renal  excretory  ability  until  the  termi¬ 
nal  stages.  At  this  point  the  concentrations  of  the  first  two  tend  to  be 
set  lower,  often  in  conjunction  with  edema  as  a  consequence  of  the  osmo¬ 
receptor  and  volume  receptor  changes  discussed  in  chapter  19.  Also,  the 
level  of  the  potassium  tends  to  rise  (see  fig.  9-9).  These  interrelations  are 
readily  evident  in  many  of  the  patients  whose  values  are  shown  in  figure 
12-9;  the  common  character  of  these  changes,  whatever  may  be  the  etiology 
or  pathological  diagnosis  of  the  renal  failure,  is  illustrated  in  table  12-11. 
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Fig.  12-9.  Serum  Electrolytes  in  Chronic  Renal  Failure 
It  is  clear  that  far-advanced  renal  failure  of  some  duration  produces  electrolyte 
changes  quite  comparable  to  those  seen  with  acute  renal  disease  in  fig.  12-4.  (From 
Mateer  and  Danowski,  unpublished  data.) 

In  a  few  rare  cases  sodium- wasting  or  potassium-wasting  nephritis  appears 
(17a-g,  18a,  b),  and  recently  a  “water-losing”  nephritis  simulating  diabetes 
insipidus  has  been  described  in  a  case  of  mylomatosis  (18c);  the  latter  does 
not  appear  in  the  usual  types  of  chronic  renal  failure. 

C.  Therapy 

Therapy  of  some  of  these  derangements  is  feasible.  Thus  deficits  of 
bicarbonate,  calcium,  sodium  and  chloride  can  be  replaced.  To  prevent 
tetany  calcium  salts  should  always  precede  use  of  alkalis  such  as  bicarbon¬ 
ate  Maintenance  of  salt  balance  over  lonS  periods  of  time  requires  careiu 
assessment  of  each  individual  patient.  Some  patients  with  chronic  renal 
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Table  12-11. 


armormat  patterns  of  serum  electrolyte  concentration  in 
Patients  wm  azotemia  and  renal  failure  due  to 

VARIOUS  DISEASES _ 


citpitm  rONPENTRAT  I  ON 


RENAL  DISEASE* 

DAILY 

URINE 

VOL. 

COs 

Cl 

Na 

Na- 

(C02 

+C1) 

K 

P04 

Ca 

(ml. ) 

(mEq. /I. ) 

(mg%) 

(mg%) 

+  +  + 

Acute  Glom. 

50 

17 

86 

124 

22 

6.4 

12. 1 

8.7 

Chr.  Glom? 

1360 

19 

84 

121 

18 

7.4 

11.8 

Pyeloneph? 

300 

9 

104 

134 

21 

3.8 

2.3 

8.9 

Nephroscl. 

0 

5 

95 

128 

28 

6.7 

13.6 

- 

Nephroscl? 

600+ 

18 

100 

141 

23 

4.6 

6.5 

7.8 

,  +  +  + 

Lower  Neph. 

75 

13 

77 

116 

26 

7.2 

8.7 

6.2 

Intracap. 

Glom.  Scl. 

740 

14 

94 

135 

28 

5.8 

13.6 

- 

Normal  subject 

27 

103 

138 

4-11 

3. 5-5. 3 

4.0 

10.0 

average 

*  o  to  +++  refers  to  degree 

of 

edema 

failure  require  daily  doses  of  sodium  salts  to  prevent  salt  depletion,  in¬ 
creased  azotemia,  and  severe  metabolic  acidosis  (fig.  12-10).  Others  do  not, 
and  the  administration  of  sodium  bicarbonate  or  sodium  chloride  leads  to 
congestive  heart  failure,  edema,  and  hypertension.  The  patient  must  be 
“titrated”  between  these  alternate  hazards.  Prolonged  ingestion  of  sodium 
lactate  by  these  patients,  recently  suggested  (19a),  only  leads  to  these 
latter  complications,  in  our  experience  (fig.  12-11).  Excesses  of  phosphorus 
and  potassium  can  be  removed  in  part  by  aluminum  hydroxide  gels  and 
by  exchange  resins  respectively  (19b-d,  9v).  None  of  these  methods 
decreases  the  high  levels  of  non-protein  nitrogen.  This  manifestation  of 
renal  failure  as  well  as  any  excesses  or  deficiencies  of  any  of  the  other  solutes 
save  the  macro  molecules,  can  be  corrected  by  vivo-dialysis  by  means  of 
the  artificial  kidney  as  discussed  in  detail  in  chapter  25.  This  last  procedure 
may  prolong  the  survival  of  chronic  renal  failure  beyond  an  episode  that 
otherwise  would  have  been  a  fatal  exacerbation  or  acceleration  of  the 
disease. 

Homologous  kidney  transplantation  has  been  attempted  in  a  few  patients 
with  severe  renal  failure,  but  uniformly  without  success.  The  most  complete 
clinical  and  experimental  study  of  this  procedure  is  that  of  Hume,  Merrill, 
Miller,  and  1  horn  (19e) ;  the  reader  is  referred  to  their  paper  which  contains 
a  complete  review  of  the  literature.  In  four  of  their  nine  cases,  the  trans- 
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Patient:  J.DiV  .  so  <f  W  ,  Chronic  renol  insufficiency  with  uremic  acidosis. 


Therapy  : 

NoHCO, 

10 

gmt./day  j 

0 


Low  pro  I  •  In  dl«t 


>  convulsion* 
*  como 


D  •  oth 


Hospitalization  |  |  [  j  I  H 


Time:  *okt 

do  to 


t - 1 - 1 - ' 

0  10  20  30 

Nov  1938  1939  April 


— i - 1 - • - ' - 

40  50  eo  70 

Sopt.  Doe.  1940  Mor. 


Fig.  12-10.  Prolonged  Sodium  Bicarbonate  Therapy  in  Chronic  Renal  Failure 
This  patient  was  first  seen  in  severe  uremia  with  a  marked  metabolic  acidosis, 
coma,  and  convulsions.  Treatment  with  intravenous  solutions  of  sodium  bicarbonate 
and  calcium  restored  the  patient  to  an  ambulatory  state.  Following  discharge  from 
the  hospital,  the  patient  was  maintained  as  an  outpatient  for  approximately  l}-i 
years,  on  daily  doses  of  sodium  bicarbonate.  1  oo  little  of  the  alkali  permitted  exacer¬ 
bation  of  the  acidosis,  too  much  induced  hypertension.  (Unpublished  study  by  Flkin- 
ton.) 


planted  kidneys  excreted  urine  for  periods  of  37  to  1 80  days  and  developed 
function  up  to  25  per  cent  of  normal;  but  in  the  end  the  host  tissues  re¬ 
jected  all  the  transplants.  At  persent  this  procedure  is  not  warranted  in  the 

treatment  of  irreversible  renal  insufficiency. 

Some  comment  should  be  made  concerning  protein  intake  in  the  terminal 
phase  of  nephritis.  Laboratory  studies  indicate  that  survival  is  decreased 
by  high  protein  feedings  to  animals  with  diminished  kidney  parenchyma 
(20a-c).  This  evidence,  together  with  the  knowledge  that  protein  foods 
contain  potassium  in  significant  amounts,  can  be  taken  to  indicate  the 
desirability  of  limiting  the  intake  of  this  foodstuff.  On  the  other  han  , 
restriction  of  protein  to  zero  will  only  accelerate  breakdown  of  tissue 
protein.  Hence  a  middle-of-the-road  program  is  best,  i.e.,  provision  ot 
enough  protein,  perhaps  25  grams  each  day  (without  potassium  if  accumula- 
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Patient  J  L 
Therapy  : 
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mM./l. 


mg .  X 
*  -  —  * 

33 

30- 

25- 

20" 

15" 

10 


Weight 

kg. 


Blood 

pressure 

mm .  Hg 


Hospitalization 


37  cf  N  ,  Chronic  glomerulone phr itis 


Bolonct  ttudy 


■ . . \  !-■ - :1 

-i - 1 - 1 - 1 - 1 - 1 - r  -  ■  »  —  i - 1  i - n 


Time  -  w«#kt  o 


5 


10  20 


Fig.  12-11.  The  Relative  Effects  of  Low  and  High  Intakes  of  Protein  and 
Sodium  in  the  Treatment  of  Chronic  Renal  Failure 
The  azotemia  and  acidosis  improved  on  the  low  protein  diet  before  the  start  of  the 
sodium  lactate  therapy,  and  regressed  on  an  ad  libitum  protein  intake  while  still 
receiving  (he  sodium  lactate.  Although  the  patient  came  into  equilibrium  in  respect 
to  sodium  balance  during  the  early  balance  study,  severe  edema  and  hypertension 
developed  while  the  high  sodium  intake  was  extended  from  the  5th  to  the  9th  week  of 
study.  (Unpublished  case  study  by  Bluemle  and  Elkinton.) 


tion  of  this  ion  is  a  hazard)  to  maintain  balances  of  tissue  nitrogen  (9p, 

20a-d).  A  diet  deficient  of  protein  will  by  itself  produce  tubular  damage 
(20e).  & 


^  *  Syndromes  of  Specific  Tubular  Dysfunction 

In  recent  years  many  disturbances  in  renal  function  have  been  described 
which  primarily  involve  the  renal  tubule  rather  than  the  glomerulus  or  the 
nephron  as  a  unit.  These  disturbances  may  be  acquired  or  inherited  and 
may  involve  one  specific  function  or  many  functions  of  the  tubule  Such 
tubular  dysfunction  leads  to  a  variety  of  metabolic  sequelae  and  clinical 
syndromes  which  are  often  confusing  as  to  cause  and  effect.  Furthermore 
tubular  damage  may  result  in  localized  calcification  in  the  kidney  and  in 
generalized  changes  in  the  calcification  of  the  skeleton;  primary  diseases 
of  calcium  and  phosphorus  metabolism  may  cause  renal  damage  The 
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differentiation  of  these  abnormalities  and  their  relation  to  specific  renal 
tubular  dysfunction,  are  discussed  in  this  section. 


A.  “ Renal  Rickets”  Differentiated 

This  term  is  best  confined  to  those  states  of  acute  or  chronic  renal  failure 
in  which  the  rate  of  glomerular  filtration  is  so  low  that  the  renal  clearance 
of  phosphate  is  less  than  the  rate  of  intake  and  catabolic  accumulation  of 
phosphate.  The  consequence  is  an  elevated  phosphate  in  serum  and  extra¬ 
cellular  fluid  and  a  metabolic  acidosis.  Frequently,  but  not  always,  the 
serum  calcium  level  is  depressed;  this  has  been  attributed  to  increased 
calcium  phosphate  deposition  secondary  to  the  phosphate  retention.  In 
some  cases  this  hypocalcemia  disappears  over  time,  a  fact  that  led  to  the 
concept  of  secondary  hyperparathyroidism  in  chronic  renal  failure.  Hyper¬ 
phosphatemia  may  also  stimulate  parathyroid  activity.  These  factors  of 
calcium  and  phosphorus  metabolism  in  renal  insufficiency  have  been 
clarified  primarily  by  Albright  and  associates  (21a,  b)  as  well  as  by  1  albot 
etal.f 21c,  d). 

Renal  rickets  due  to  glomerular  inadequacy  is  differentiated  from  the 
other  states  of  predominantly  tubular  dysfunction  by  the  high  serum 
phosphate  concentration  and  severe  azotemia.  Serum  calcium  levels  may  or 
may  not  be  depressed,  low  C02  and  bicarbonate  concentrations  indicate 
the  common  metabolic  acidosis  of  uremia  (see  tables  12-11  and  12-III). 


B.  Tubular  Dysfunction  Due  to  Extrinsic  Factors 

1.  Acute  tubular  necrosis  resulting  from  nephrotoxic  agents  or  renal 
anoxia  has  already  been  discussed  in  detail  and  will  not  be  further  elabo¬ 
rated.  In  the  early  stages,  glomerular  as  well  as  tubular  function  is  severely 
depressed  (fig.  12-1)  and  the  biochemical  pattern  of  renal  rickets  as  just 
described,  ensues.  In  the  polyuric  phase  of  the  disease  when  the  progressive 
resumption  of  glomerular  filtration  precedes  that  of  tubular  function  m- 
adequate  reabsorption  of  various  constituents  of  the  filtrate  may  lead  to 

multiple  electrolyte  deficits  and  dehydration. 

2.  Primary  hyperparathyroidism  not  infrequently  results  in  nephro¬ 
lithiasis  and  in  tubular  damage  with  or  without  nephrocalc.nosis  (21b  e  h 
Whether  or  not  it  is  true  that  the  hormone  or  hormones  of  the  parathyroid 
gland  act  by  mobilising  calcium  from  bone,  as  well  as  inhibiting  reabsorp- 
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Patient ;  S.S.,  71  oW,  Primary  hyperparathyroidism  with 

renal  insufficiency,  nephrosclerosis 


mg./24  hrs. 


U 


"n - 1 - — i - 1 - 

Time  -  weeks  0  5  10  15 

date  March  April  May  June  July 

Fig.  12-12.  Primary  Hyperparathyroidism  Complicated  by  Concomitant  Renal 

Insufficiency 


Early  in  the  hospital  course  the  failure  of  renal  function,  due  at  least  in  part  to 
dehydration  and  nephrosclerosis,  resulted  in  relative  hyperphosphatemia  and  in  a  low- 
rate  of  excretion  of  calcium  on  a  low  calcium  diet.  Later,  when  renal  function  was  im¬ 
proved,  the  calcium  excretion  rate  became  elevated  and,  with  the  hypophosphatemia 
and  hypercalcemia,  supported  the  diagnosis  of  hyperparathyroidism.  (Unpublished 
study  by  Elkinton  and  associates.) 


mg.  per  day)  on  a  low  calcium  diet  (table  12-III).  Associated  glomerular 
insufficiency  due  to  circulatory  failure,  nephrosclerosis,  pyelonephritis,  etc. 
will  obscure  the  diagnosis.  This  is  illustrated  by  the  case  shown  in  figure 
12-12,  where  the  renal  insufficiency  resulted  in  relative  hyperphosphatemia 
and  in  a  low  rate  of  excretion  of  calcium  on  a  low  calcium  diet. 


3.  Vitamin  I)  intoxication,  producing  hypercalcemia  and  sometimes 
nephrocalcinosis,  may  result  in  renal  damage  and  renal  failure  (14d  21  g  h) 
Such  damage  involves  the  glomeruli  and  tubules;  azotemia  and  fixed  low 
urinary  specific  gravity  result. 

4.  Alkali  ingestion  and  metabolic  alkalosis  have  frequently  been 
found  in  association  with  renal  insufficiency  (22a-e).  Burnett  et  a).  (22f) 
have  stated  the  salient,  features  of  this  syndrome  in  the  title  of  their  paper 

Hypercalcemia  without  hypercalcuria  or  hypophosphatemia,  calcinosis’ 
and  renal  msufficency;  a  syndrome  following  prolonged  intake  of  milk  and 
alkali.  4  omiting  due  to  pyloric  obstruction  is  usually  a  factor  in  the  pro- 
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duction  of  the  metabolic  alkalosis.  Studies  of  renal  dynamics  (22g)  show 
depression  of  both  glomerular  and  tubular  function,  which  persists  for 
many  months.  Cooke  and  Kleeman  (22h)  have  reported  the  cases  of  two 
siblings  with  nephrocalcinosis  and  metabolic  acidosis  who  had  congenital 
pyloric  stenosis;  it  is  suggested  that  the  associated  alkalosis  and  potassium 
deficit  might  have  been  responsible  for  the  renal  damage. 

5.  Potassium  deficiency  and  renal  tubular  damage  are  frequently 
associated,  but  the  sequence  of  cause  and  effect  is  not  always  clear.  Potas¬ 
sium  loss  occurs  in  the  polyuric  phase  of  acute  renal  failure,  as  has  been 
described  earlier  in  this  chapter;  potassium  wasting  is  one  consequence  of 
some  of  the  intrinsic  tubular  defects  discussed  below.  On  the  other  hand, 
potassium  deficiency  per  se  appears  to  be  responsible  for  depression  of 
tubular  function  (22i).  The  situation  is  further  complicated  by  the  inter¬ 
relationship  of  certain  types  of  potassium  deficiency  and  metabolic  alkalosis 
(see  chapter  11). 


C.  Intrinsic  Dejects  of  the  Renal  Tubules 

The  manifestations  of  renal  tubular  malfunction  are  usually  multiple,  a 
fact  not  surprising  in  view  of  the  multitudinous  reabsorptive  and  secretory 
functions  of  the  tubular  cells.  This  is  especially  true  when  the  abnormalities 
are  acquired  as  the  result  of  some  widespread  disease  of  the  kidney,  such  as 
glomerulo-  or  pyelonephritis.  On  the  other  hand,  failure  of  a  single  bio¬ 
chemical  transport  system,  such  as  that  required  for  the  reabsorption  of  a 
specific  amino-acid,  may  be  genetically  determined.  In  either  case  the 
tubular  abnormality  can  be  said  to  be  “intrinsic”  in  origin  as  compared  to 
those  just  described. 

1  Renal  tubular  acidosis  is  a  more  convenient  name  for  the  syndrome 
first  described  by  Butler,  Wilson,  and  Farber  (23a)  and  elucidated  in  detail 
by  Albright  and  associates  (23b,  c,  21b);  the  name  proposed  by  the  latter 
was  “renal  acidosis  resulting  from  tubular  insufficiency  without  glomerular 
insufficiency.”  This  condition  may  occur  with  or  without  clinical  ami  x-mj 
evidence  of  osteomalacia ,  the  “pseudofractures  ol  Milkman  (23d).  In 
absence  of  such  x-ray  evidence,  the  constant  finding  of  hypophosphatemia 
with  serum  levels  of  calcium  near  or  within  the  normal  range  indicates 
according  to  Albright,  “chemical  osteomalacia.”  In  addition,  these  patients 
exhibit  either  spontaneously  or  on  an  acid  diet,  a  metabolic  acidosis 
lowered  values  for  bicarbonate  and  buffer  base  concentration  and  fo 
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potassium,  and  sodium,  take  place  in  variable  combination  and  to  vanable 
degrees.  Clinical  symptoms  of  deficits  of  these  several  cations  may  appear. 
Excessive  excretion  of  calcium  sometimes  leads  to  nephrocalcinosis.  the 
syndrome  has  now  been  studied  by  a  series  of  investigators  (23e  u),  an  i 
appears  that  there  is  considerable  overlap  with  the  Fanconi  syndrome 
(described  below). 

The  etiology  of  this  condition  may  be  genetic  since  familial  occurrence 
has  been  reported  (23q),  or  may  possibly  be  due  to  such  non-specific  factors 
as  recurring  pyelonephritis  (21b,  23c).  Although  some  degree  of  impaired 
glomerular  filtration  is  often  present,  the  disturbances  in  renal  function  are 
primarily  tubular,  and  standard  indices  of  tubular  function,  such  as  1  AH 
Tm  and  extraction,  are  depressed  (23o,  u— w)  (table  1 2-1 II).  1  he  principal 
tubular  defect  is  impairment  of  the  mechanism  tor  reabsorption  of  bicar¬ 


bonate  and  the  acidification  of  the  urine.  Albright  et  al.  postulated  this  to 
be  a  distal  tubular  defect  in  the  secretion  of  hydrogen  and  ammonium  ions. 
Latner  and  Burnard  (23n),  studying  infants  with  hyperchloremic  acidosis, 
found  evidence  for  a  defect  in  the  proximal  tubular  reabsorption  of  bicar¬ 
bonate.  With  the  recent  evidence  for  an  ion  exchange  in  both  segments  of 
the  tubule  (see  chapter  11),  it  is  not  clear  that  the  reabsorption  of  bicar¬ 
bonate  and  the  secretion  of  hydrogen  can  be  separated.  In  any  case,  the 
abnormal  excretion  of  bicarbonate  leads  to  failure  of  conservation  of  fixed 
cations,  potassium,  sodium,  and  calcium,  as  well  as  to  a  systemic  acidosis. 
The  inability  of  the  kidney  to  acidify  the  urine  and  to  conserve  fixed 
cations  may  be  demonstrated,  as  Albright  el  al.  (21b,  23c)  showed,  by  the 
administration  of  ammonium  chloride.  Such  a  test  in  one  of  our  patients  is 
illustrated  in  figure  12-13. 

lhese  patients  exhibit  an  abnormally  high  clearance  and  excretion  rate  of 
phosphate  with  a  resultant  hypophosphatemia.  Albright  et  al.  suggested 
that  this  was  due  to  secondary  stimulation  of  the  parathyroids  by  the 
hypocalcemia  consequent  to  the  renal  wasting  of  calcium;  evidence  for  an 
intrinsic  tubular  defect  in  phosphate  reabsorption  is  not  clear  (23p).  Other 
defects  in  tubular  transport  resulting  in  glycosuria,  amino-aciduria,  and 
organic  aciduria  (23x)  have  been  found  in  these  patients,  findings  that 
support  the  \  iew  that  renal  tubular  acidosis  and  the  Fanconi  syndrome  are 
not  two  clearly  differentiated  clinical  diseases  (23p,  t,  y,  z). 

treatment  of  renal  tubular  acidosis  consists  primarily  of  immediate 
replacement  of  deficits  of  potassium  and  sodium  and  subsequent  preven¬ 
tion  ot  cation  losses  over  prolonged  periods  of  time;  this  latter  regimen 
consists  in  the  daily  administration  of  enough  extra  cation  in  the  form  of 
■sod,,™  bicarbonate  (4  to  (i  grams)  or  sodium  citrate  to  replace  abnormal 
losses  of  fixed  cation  in  the  urine.  In  patients  with  osteomalacia  sodium 
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A.T.,  38  $  W,  NH4CI  test  March  17-  28,  1950 


Urinary 

excretion 

of 

electrolytes 


meq.  per 
24  hours 


Dcy  of  study 


Fig  12-13  Renal  Tubular  Acidosis:  Demonstration  of  Tubular  Inability  to 
Secrete  Hydrogen  and  Ammonia  by  Administration  of  Ammonium 

Chloride  as  an  Acid  Load 

The  broken  line  indicates  the  112  mEq.  of  chloride  ion  added  per  day  to  the  renal 
excretory  load,  above  the  control  level.  In  the  normal  subject  the  increased  produc¬ 
tion  of  ammonium  ion  and  titratable  acidity  (T.AOpcnnits^ecxcreo  ^  thege 
cess  anion,  CD  (as  did  this  patient  after  recovery,  fig.  10-7).  Here  the  la 
mechanisms  resulted  in  increased  excretion  of  fixed  cations  sodium,  potassium,  and 
calcium,  and  in  a  metabolic  acidosis.  (From  Llkinton  el  al.  (23  ).) 
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citrate  is  preferable  and  may  be  given  in  the  form  (50  to  100  ml.  per  day) 
of  Shohl’s  solution  (21b),  which  has  the  following  composition: 


Sodium  citrate 
Citric  acid 
Water . 


98  gm. 
140  “ 
1000  ml. 


In  patients  without  overt  osteomalacia  it  is  simpler  to  use  sodium  bicar¬ 
bonate.  If  edema  results  from  the  sodium  with  the  bicarbonate  or  citrate, 
the  potassium  salt  may  be  substituted  in  part.  I  he  alkali  theiapy  is  pie\  en¬ 
tire  and  does  not  repair  the  osteomalacia.  This  requires  a  high  calcium  diet 
and  large  doses  of  vitamin  D. 

2.  The  syndrome  first  described  by  Fanconi  and  deToni  (24a-c)  is 
characterized  by  aminoaciduria,  glycosuria,  hyperphosphaturia  with 
hypophosphatemia,  and  osteomalacia  (table  12-1 1 1).  Fanconi  attributed 
these  findings  to  failure  of  normal  reabsorptive  processes  in  the  renal  tubule. 


This  has  been  confirmed  subsequently  by  a  series  of  investigators  who  have 
added  much  to  our  knowledge  of  these  abnormalities  (23g,  p,  s,  t,  w,  y,  z, 
24d-l).  Originally  this  syndrome  was  thought  to  be  a  disease  of  infancy  or 
childhood;  however,  Stowers  and  Dent,  Milne,  Stanbury  and  Thomson, 
and  others  have  now  described  it  in  adult  patients  in  some  of  whom  the 
signs  of  renal  tubular  acidosis  were  also  found  (24h,  23p,  t,  w).  It  is  ap¬ 
parent,  therefore,  that  these  two  syndromes  are  not  two  distinct  and 
separate  entities  but  rather  are  overlapping  combinations  of  multiple 
tubular  abnormalities.  The  etiology  also  is  probably  multiple  in  nature  and 
in  some  cases  appears  to  be  hereditary  (23z,  24g,  h);  Stowers  and  Dent 
(24h)  found  evidence  in  their  case  of  transmission  of  the  tubular  defect  by 
a  Mendelian  dominant  gene.  Genetic  considerations  of  these  two  syndromes 
and  of  cystinuria  (24m)  and  Wilson’s  disease  with  aminoaciduria  (24n,  o) 
are  concisely  reviewed  by  Jackson  and  Linder  (23z);  a  modification  of  the 
latters’  classification  of  tubular  defects  is  given  below. 


Treatment  of  the  Fanconi  syndrome  is  similar  to  that  outlined  above 
for  renal  tubular  acidosis;  cation  deficits  must  be  replaced  and  prevented, 
osteomalacia  requires  vigorous  treatment  with  vitamin  D  and  high  calcium 
diets.  Methyl  testosterone  has  been  reported  to  be  of  benefit  (23y). 

3.  Syndromes  of  renal  potassium  wastage  are  being  clarified. 
Hypokalemia  has  been  reported  in  various  types  of  renal  disease:  chronic 
glomerulonephritis  (25a-e),  nephrosclerosis  (8k,  25f,  g,  m),  polycystic  disease 
(2oc,  d),  and  renal  insufficiency  of  uncertain  or  unspecified  origin  (8k,  25c 
h).  Intracellular  potassium  deficiency  and  hypokalemia  are  frequently 
present  in  cases  of  renal  tubular  acidosis  and  the  Fanconi  syndrome  as 
escribed  above.  In  addition  a  few  rare  cases  have  been  reported  of  potas¬ 
sium  deficiency  associated  with  specific  tubular  wastage  of  the  ion  (18a,  b, 
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25i,  j).  In  the  case  studied  by  Squires,  Huth,  and  Elkinton  (18b)  the  hy¬ 
pokalemia  was  associated  with  a  high  rate  of  tubular  secretion  of  the  ion 
and  an  inability  to  respond  normally  to  the  carbonic  anhydrase  inhibitor, 
6063  or  “Diamox.”  These  findings  suggested  a  specific  deficiency  of  the 
enzyme  carbonic  anhydrase  in  the  renal  tubule  with  a  low  rate  of  secretion 
of  hydrogen  and  a  reciprocally  high  rate  of  secretion  of  potassium.  After 
reviewing  the  literature,  Squires  et  al.  suggest  three  categories  of  renal 
potassium  wastage:  1)  late  non-specific  potassium  wastage  in  chronic  renal 
disease,  2)  potassium  wastage  due  to  defective  tubular  mechanism  of 
acidification  and  bicarbonate  reabsorption,  as  found  in  renal  tubular  acido¬ 
sis  and  the  Fanconi  syndrome,  and  3)  specific  tubular  secretory  wastage, 
possibly  related  to  deficiency  of  the  enzyme  carbonic  anhydrase.  To  these 
three  categories  a  fourth  must  be  added,  namely,  potassium  wastage  due 
to  an  excessive  secretion  of  an  adrenocortical  steroid  similar  to,  or  identical 
with,  aldosterone.  Such  a  steroid  was  found  in  the  urine  of  the  cases  of 
Evans  and  Milne  (25j,  k),  of  Squires  et  al.  (18b),  and  of  Conn  (251).  In 
Conn’s  case  an  adrenocortical  tumor  was  removed  with  correction  of  the 
potassium  abnormality. 

4.  Renal  diabetes  insipidus  indicates  a  defect  in  the  tubular  reabsorp¬ 
tion  of  water  in  the  presence  of  an  intact  supra-optico-hypophyseal  system 
for  the  elaboration  of  antidiuretic  hormone.  Polyuria  leading  to  dehydra¬ 
tion  occurs  in  the  diuretic  or  healing  phase  of  acute  renal  failure  due  to 
tubular  necrosis  (le,  lOi)  and  rarely  in  some  cases  of  severe  chronic  renal 
disease  with  low  glomerular  filtration  and  tubular  damage  (18c).  In  addi¬ 
tion,  certain  cases,  often  with  one  or  more  of  the  Fanconi  stigmata  of 
glycosuria  aminoaciduria,  or  organic  aciduria,  have  been  found  to  exhibit 
defective  tubular  reabsorption  of  water  which  is  unresponsive  to  endoge¬ 
nous  or  exogenous  antidiuretic  substances  (23z,  24d,  g,  j,  26a-f).  In  some  of 
these  cases  this  abnormality  appeared  to  be  an  inherited  sex-linked  recessive 
characteristic  (23z,  26d,  e);  in  none  of  the  cases  was  the  specific  gravity  ot 
the  urine  as  low  as  in  the  classical  diabetes  insipidus  ot  pituitary  origin. 

5  Idiopathic  hvpercalcuria  appears  to  be  a  specific  defect  in  the 
tubular  reabsorption  of  calcium  (27a,  21b).  It  is  associated  with  nephro¬ 
lithiasis;  “chemical”  osteomalacia  is  more  common  than  overt  osteo 
malacia.  Acidosis  is  not  present  and  alkali  therapy  is  unavailing;  He  ad¬ 
vantage  of  calcium  and  vitamin  D  therapy  for  the  osteomalacia  must  ^ 
weighed  against  the  possible  effect  of  increased  calcium  excretion  on 

'T'vuamin  1)  resistant  rickets  is  the  result  of  hyperphosphatuna  due 
to  defective  tubular  reabsorption  of  phosphate,  without  the  other  sig  f 
he  Fanconi  syndrome  <27b-d).  Since  Stowers  and  Dent  (Wh)  fund  a 
deficiency  of  the  enzyme  phosphatase  in  the  proximal  tubules  of  one 
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their  cases  with  the  Fanconi  syndrome,  it  is  possible  that  such  a  mechanism 
of  deficient  phosphorylation  plays  a  part  in  the  failure  of  phosphate  re- 

7.  Pseudohypoparathyroidism  is  a  rare  condition  with  hypocalcemia 
and  hyperphosphatemia  which  are  apparently  the  result  ol  an  abnormally 
high  rate  of  reabsorption  of  phosphate  (28a-d),  hence  is  the  opposite  of 
vitamin  D  resistant  rickets. 

8.  Aminoaciduria  has  been  found  in  many  of  the  above  syndromes 
and  has  been  studied  most  extensively  by  Dent  and  his  co-workers  (24h,  i, 
m)  using  the  technic  of  paper  chromatography.  In  their  own  cases  and  in 
the  Fanconi  patient  of  Milne,  Stanbury,  and  Thomson  (23p)  the  following 
amino  acids  were  identified  in  excessive  amounts  in  the  urine:  phenylala¬ 
nine,  aspartic  acid,  leucine,  valine,  tyrosine,  histidine,  citrulline,  arginine, 
lysine,  glutamine,  alanine,  threonine,  glycine,  serine,  hydroproline,  amino- 
butyric  acid,  and  proline.  Cystine  was  reported  in  the  latter  case  but  Dent 
and  associates  are  of  the  belief  that  there  is  no  overlap  between  the  Fanconi 
syndrome  and  congenital  cystinuria  and  cystinosis  (24h,  m).  Beumer  and 
Wepler  (29a)  believe  the  two  diseases  are  related. 

Aminoaciduria  has  been  reported  in  cases  without  the  other  Fanconi 
findings  (29b)  and  it  is  an  important  feature  of  the  syndrome  of  hepato¬ 
lenticular  degeneration  or  Wilson’s  disease  (24n).  It  has  been  reported  in 
cases  of  lead  poisoning  (29c,  d).  Lathem,  Baker,  and  Bradley  (29e)  found 
most  of  the  above-listed  aminoacids  in  abnormal  amounts  in  the  urine  of 
a  Fanconi  case;  but  the  urinary  pattern  of  amino-acids  in  15  patients  with 
severe  acute  and  chronic  renal  disease  did  not  differ  from  that  of  normal 
subjects.  This  suggests  that  the  aminoaciduria  of  the  Fanconi  syndrome  is 
related  to  some  factor  other  than  that  of  general  tubular  damage. 

9.  A  summary  of  the  clinical  syndromes  and  factors  involved  in  in¬ 
trinsic  renal  tubular  defects  has  been  made  by  Jackson  and  Linder  (23z), 
and  follows  in  a  slightly  modified  form. 

i.  Unifactoral  conditions: 

A.  Deficient  tubular  reabsorption  of  : 

1.  Water  — >  Renal  diabetes  insipidus. 

2.  Glucose  — >  Renal  glycosuria. 

3.  Phosphate  — >  Vitamin  D  resistant  rickets. 

4.  Calcium  — >  Idiopathic  hypercalcuria. 

5.  Bicarbonate  — ►  Hyperchloremic  renal  tubular  acidosis. 

b.  Organic  acids  — >  Organic  aciduria. 

7.  Aminoacids  ->  Renal  aminoaciduria,  Wilson’s  disease. 

8.  Cystine  — »  Simple  congenital  cystinuria. 
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B.  Excessive  tubular  secretion  of: 

1.  Potassium  — ►  Specific  renal  potassium  wastage. 

C.  Excessive  tubular  reabsorption  of: 

1.  Phosphate  — >  Pseudohypoparathyroidism. 

ii.  M ultif actor al  conditions: 

A.  Deficient  tubular  reabsorption  of: 

1.  Glucose  +  phosphate  — >  glycosuric  rickets. 

2.  Glucose  +  phosphate  +  aminoacids  — >  classical  Fanconi 
syndrome. 

3.  Phosphate  +  bicarbonate  +  organic  acid  — »  hyper-  or  hypo¬ 
chloremic  renal  tubular  acidosis. 

Associated  renal  wastage  of : 

a.  Calcium  — ■>  osteomalacia. 

b.  Potassium  — >  hypokalemic  syndrome. 

c.  Sodium  — >  salt  depletion. 

4.  Numbers  2  and  3  may  be  combined. 


summary:  Acute  renal  failure  arises  most  often  from  reversible  tubular 
damage  due  to  transfusion  reaction,  crush  injury,  anoxia  from  shock  and 
inadequate  renal  blood  flow,  or  nephrotoxic  agents  such  as  mercury,  carbon 
tetrachloride,  and  sulfonamides. 

Diagnosis  is  based  on  the  occurrence  of  anuria,  azotemia  as  indicated  b\ 
rising  BUN  or  NPN,  an  increase  in  serum  undetermined  anions  (Na  - 
[C02  +  Cl]),  a  rise  in  serum  phosphorus  and  a  drop  in  calcium,  falling 
serum  concentration  of  C02  with  ultimate  hyperventilation,  and  increases 
in  serum  K  with  ECG  evidence  of  hyperkalemia,  accompanied  by  progres¬ 


sive  mental  confusion,  twitching  and  tetany. 

Fluid  disturbances  which  characterize  acute  renal  failure  include  oli¬ 
guria  or  anuria,  progressive  metabolic  acidosis  as  a  consequence  of  the  reten¬ 
tion  of  phosphates,  sulfates,  organic  acids,  and  peripheral  and  pulmonary 
edema.  The  edema  is  particularly  apt  to  appear  if  fluids  are  forced  beyond 
extrarenal  output  of  1  liter  or  more  per  day.  In  the  polyuric  or  recovery 
phase  dehydration  and  sodium  and  potassium  depletion  may  occur  unless 

fluid  loss  is  replaced.  . 

Therapy,  if  anuria  is  due  to  nephrotoxic  chemical,  consists  of  an  im¬ 
mediate  infusion  of  5  per  cent  glucose  (1  liter)  and  0.9  per  cent  NaC 
liter)  Thereafter,  anti  in  other  etiologies,  the  following  program  is  fol¬ 
lowed:  restrict  total  fluid  intake  to  urine  volume  plus  estimated  exogenous 
need  (about  600ml.  per  day,  higher  if  febrile);  hypertonic  sodium  lactate 
(molar)  or  sodium  bicarbonate  (7.5  per  cent)  1  to  4  40-50  ml.  ampules  plus 
eqUal  or  more  volumes  of  10  per  cent  glucose  solution  f.V.  daily  il  seru 
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CO*  content  is  less  than  15-18  mM./l.  and/or  serum  Na  less  than  129 
mEq./l.,  provided  that  edema  and/or  hypertension  is  not  excessive. 
Chloride  solutions  are  contraindicated  because  of  acidosis.  Calories  are  to 
be  supplied  by  means  of  a  high  carbohydrate,  high  fat  diet  if  tolerated  or 
glucose  in  peanut  or  cocoanut  oil  via  polyvinyl  tube  m  stomach.  No  meats 
or  vegetables  are  to  be  given  because  of  the  potassium  content.  II  ECG 
shows  evidence  of  hyperkalemia  or  serum  K  concentration  becomes  greater 
than  6.0  mEq./l.  give  1  to  3  high  enemas  per  day  of  cation  exchange  resin 
in  hydrogen  or  ammonium  cycle  (2o  to  40  grams  suspended  in  250  to  400 
ml.  tap  water),  or  use  artificial  kidney  or  peritoneal  lavage  if  apparatus 
and  experienced  operators  are  available.  Calcium  gluconate,  1—3  giams 
I.V.,  is  to  be  given  daily  whenever  alkali  is  given.  In  the  polyuric  phase 
(after  3-21  days  oliguria)  it  is  advisable  to  expect  continued  toxic  signs 
and  rising  azotemia  for  2—4  days  and  to  replace  the  total  fluid  loss  (renal 
and  extrarenal)  with  %  to  equal  volumes  of  fluid  p.o.  and/or  I. V.,  in¬ 
cluding  sodium  chloride  and  potassium  as  needed. 

The  same  principles  apply  in  the  therapy  of  chronic  renal  failure.  In 
entities  with  specific  renal  tubular  dysfunctions  treatment  is  adjusted  to 
accord  with  the  net  disturbance  in  body  fluids. 
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Chapter  13 


CONGESTIVE  HEART  FAILURE:  A  NEW 

STEADY  STATE 


Congestive  heart  failure,  as  its  name  implies,  involves  changes  in  the 
volume,  distribution,  and  composition  of  body  fluids. 

Use  of  the  balance  procedures,  tissue  analyses  and  the  volume  of  distri¬ 
bution  or  dilution  technics  described  in  chapters  3  and  4  has  permitted 
quantitation  of  the  degrees  of  body  fluid  changes  in  congestive  heart  failure. 
Such  studies  have  indicated  that  excesses  of  sodium  may  be  present  within 
as  well  as  outside  of  cells,  that  both  extracellular  and  cellular  volumes  of 
water  may  be  increased,  that  cell  potassium  may  be  diminished  in  amount 
and  that  the  osmotic  activity  of  cell  base  may  be  increased  (la-f).  Con¬ 
centrations  of  extracellular  sodium  are  usually  maintained  within  the  range 
of  normal  in  untreated  patients  despite  the  increases  in  the  total  amounts 
of  this  ion  and  in  the  total  volume  of  body  water  (lg,  h).  In  attempts  to 
identify  the  physiologic  changes  responsible  for  these  alterations  in  the 
volume,  composition  and  distribution  of  body  fluids,  “backward  failure” 
and  “forward  failure”  theories  have  been  advanced.  These  views  are  me¬ 
chanical  and,  as  a  moment’s  reflection  will  indicate,  are  in  themselves  inade¬ 
quate  explanations  of  the  factors  which  produce  the  body  fluid  changes. 
The  chief  objection  to  both  views  is  that  they  do  not  explain  why  incre¬ 
ments  of  salt  and  water  are  not  continually  added  at  such  rates  as  to  pro¬ 
duce  rapid  expansions  incompatible  with  survival.  The  fact  that  such  pa¬ 
tients  do  survive  for  prolonged  periods  suggests  that  the  undue  retention 
of  salt  and  water  is  a  limited  process  in  congestive  failure,  and  that  the 
actual  disorder  involves  disruption  or  a  resetting  of  various  regulators  of 
volume,  composition,  and  distribution  of  body  water  and  solutes. 

k\  idence  has  been  accumulating  which  points  to  the  existence  of  such 
regulatory  mechanisms.  The  presence  in  the  hypothalamus  of  osmoreceptors 
which  are  sensitive  to  changes  in  extracellular  osmolar  concentration  has 
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been  indicated  by  the  work  of  \  erney,  and  evidence  for  receptors  sensitive 
to  changes  in  volume  at  some  unidentified  site  has  been  obtained  by  other 
investigators  (li,  j);  these  observations  have  been  discussed  in  chapters  1 
and  5.  The  studies  of  Leaf  et  al.  and  Weston  et  al  point  to  the  establishment 
of  new  equilibria  in  body  fluid  volumes  and  composition  by  means  of  anti¬ 
diuretic  substances  (lk,  1).  However  the  relative  constancy  of  the  body 
weight  and  of  the  serum  or  plasma  concentrations,  as  discussed  in  chapters 
1  and  4,  by  themselves  are  evidence  of  the  existence  of  such  regulatory 
mechanisms.  Indeed  it  is  highly  probable  that  a  host  of  servo-  or  feed-back 
mechanisms  maintain  the  volumes  of  plasma,  interstitial  fluid,  cell  water 
and  the  distributions  of  solutes  therein  within  the  narrow  limits  character¬ 
istic  of  health.  In  congestive  heart  failure  new  equilibria  or  new  steady 
states  are  set  up  (lm).  This  is  a  far  more  acceptable  explanation  of  the 
phenomena  of  congestive  heart  failure  since  it  incorporates  the  essential 
components  of  forward  and  backward  failure  and  at  the  same  time  offers 
a  dynamic  interpretation  of  how  survival  and  activity  are  possible  for  pro¬ 
longed  periods.  Although  the  older  concepts  will  be  reviewed  in  detail  in 
this  chapter  with  considerable  emphasis  upon  contributing  factors  and 
mechanisms,  these  factors  are  only  individual  links  in  the  chain  of  events 
leading  from  myocardial  disease  to  the  establishment  of  a  new  steady  state.1 


I.  The  hole  of  the  Heart  in  Fluid  Retention:  Older  and  Newer 

Views 


For  many  years  it  has  been  held  that  congestive  heart  failure  was  a  man¬ 
ifestation  of  an  inability  of  the  myocardium  to  pump  the  blood  returned 
to  it  (In).  This  was  thought  to  lead  to  a  backing  up  of  blood  with  subse¬ 
quent  venous  distension  and  enlargement  of  the  liver,  lhe  increase  in  ve¬ 
nous  hydrostatic  pressure  which  was  readily  demonstrable  in  such  patients 
was  held  responsible  for  the  edema  and  effusions  which  appeared.  This 
view,  frequently  referred  to  as  “backward  failure,”  is  of  questionable  va¬ 
lidity  since  it  is  self -contradictory :  it  simultaneously  assumes  that  a  failing 
heart  which  cannot  adequately  perform  its  pumping  function  is  more  suc¬ 
cessful  than  usual  in  moving  blood  into  certain  segments  of  the  circulation. 
The  chief  support  for  this  objection  has  come  from  laboratory  work:  Starr, 
and  others,  have  shown  that  it  is  impossible  to  simulate  the  manifestations 
of  right-sided  congestive  heart  failure  simply  by  interfering  with  the  pump¬ 
ing  action  or  the  efficiency  of  either  mechanical  or  animal  hearts  (2a  b). 
Hence  some  other  explanation  had  to  be  advanced.  The  formulation  of  an 
alternative  and,  to  many  but  not  to  all  workers,  a  more  acceptable  concept 


»  Strictly  speaking,  if  the  edema  is  increasing  or  decreasing,  the  body  fluids  are  m 
a  transient  state.  When  the  edema  is  being  maintained  relatively  unchanged,  ho*eve  , 
it  is  proper  to  speak  of  a  new  steady  stale. 
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has  been  based  on  the  accumulation  of  data  by  Stead,  Warren  and  others 
on  the  output  of  blood  by  the  heart,  on  the  flow  of  blood  through  the  kid- 
nev  on  the  factors  which  determine  urine  composition,  anti  on  the  volume 
of  the  circulating  blood  and  plasma.  Though  the  results  of  some  of  these 
measurements  represent  approximations  rather  than  precise  values,  they 
are  of  sufficient  degrees  of  accuracy  to  provide  an  experimental  basis  tor 
this  newer  alternative  view  of  congestive  heart  failure  referred  to  as  “for¬ 
ward  failure.”  In  this  concept  the  congestive  phenomena  are  related  to 
impaired  renal  excretion  of  sodium  and  water  as  a  consequence  oi  changes 
in  cardiac  output  and  renal  function  with  resultant  expansion  of  body 
fluids,  if  intake  is  maintained  above  the  renal  excretory  limits.  Detailed 
attention  should  be  given  to  the  intervening  links  of  this  chain,  since  it  will 
permit  the  presentation  of  alternative  views,  point  to  areas  of  incomplete 
information,  and  lay  a  rational  basis  for  current  therapy  of  congestive  heart 
failure. 


II.  The  Concept  of  Forward  Failure 

A.  Cardiac  Output 

In  forward  failure,  the  cardiac  output  of  blood  is  decreased  in  absolute 
or  in  relative  terms  as  a  consequence  of  myocardial  inadequacy.  This  is 
readily  demonstrable  in  many  but  not  all  patients  with  congestive  heart 
failure  using  the  technic  of  cardiac  catheterization  (3a,  b) .  Some  overlap  is 
present  between  groups  of  healthy  subjects  and  patients  with  congestive 
failure.  With  increased  physical  activity  this  overlap  disappears.  A  more 
definitive  separation  of  these  two  categories  of  subjects  under  comparable 
degrees  of  activity  is  obtained  if  the  oxygen  content  of  “mixed  venous 
blood,”  i.e.,  blood  returning  from  all  parts  of  the  body,  is  measured  in 
samples  obtained  by  catheterization  of  the  right  atrium  or  ventricle.  Such 
measurements  show  that  in  congestive  failure  the  mean  venous  oxygen 
content  is  lowered  (4).  Evidence  of  anoxemia  has  led  to  some  of  the  more 
comprehensive  definitions  of  congestive  heart  failure:  the  condition  in  which 
the  heart  is  unable  to  maintain  an  efficient  circulation  when  called  upon 
to  meet  the  efforts  necessary  to  the  daily  life  of  the  individual”  (5a,  b). 
This  concept  assumes  of  course  that  the  supply  of  oxygen,  and  its  transport 
through  alveoli  and  via  blood  cells,  is  otherwise  adequate.  Such  a  view  re¬ 
solves  some  of  the  dilemma  encountered  in  patients  with  beri-beri  heart 
disease,  arteriovenous  shunts,  anemia,  or  thyrotoxicosis  in  whom  symptoms 
and  signs  of  congestive  failure  are  present  despite  an  increased  cardiac 
output  which  is  still  not  sufficient  to  meet  the  tissue  oxygen  needs.  However 
it  by  no  means  disposes  of  the  entire  dilemma  as  we  shall  see  in  discussing 
the  lenal  excretion  of  sodium  in  congestive  failure. 
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B.  The  Bole  of  the  Kidney  in  Forward  Failure 

It  has  long  been  recognized  that  the  excretion  of  administered  sodium 
is  decreased  in  congestive  failure  (Ga,  b,  c).  In  the  concept  of  forward  failure 
the  following  mechanism  has  been  suggested  to  explain  this  fact.  Measure¬ 
ments  of  renal  blood  flow  in  congestive  heart  failure  frequently  show  a  de¬ 
crease  which  is  out  of  proportion  to  the  drop  in  cardiac  output  (3a,  7a,  b). 
This  decrease  in  renal  blood  flow  usually,  though  not  always,  results  in  a 
diminished  rate  of  glomerular  filtration,  even  though  the  fraction  of  plasma 
converted  into  filtrate  may  rise  in  compensatory  fashion  to  values  consider¬ 
ably  above  the  normal  of  20  per  cent  (7a,  b,  8a,  b).  Obviously  the  diminu¬ 
tion  in  filtration  rate  inevitably  lowers  the  amount  of  sodium  presented  to 
the  tubules  for  reabsorption.  Evidence  has  been  advanced  suggesting  that 
the  tubules  reabsorb  this  electrolyte  at  a  fixed  maximal  rate  (9)  and  hence 
any  decrease  in  filtered  sodium  automatically  means  that  excreted  sodium 
also  diminishes.  Hence,  one  school  of  thought  attributes  the  decrease  in 
sodium  excretion  to  decreased  glomerular  filtration  (/a,  8a,  9,  10a- c).  1  his 
view  is  opposed  by  observers  who  have  studied  patients  in  whom  sodium 
retention  was  present  in  the  face  of  a  normal  glomerular  filtration  rate  or 
in  whom  improvement  occurred  without  a  rise  in  filtration  to  normal,  sug¬ 
gesting  that  excessive  tubular  reabsorption  of  this  electrolyte  was  taking 
place  (1  la-cl).  There  is  no  particular  need  for  the  clinical  student  of  this 
subject  to  take  one  side  or  the  other.  It  is  probable  that  limitations  in  tech¬ 
nic  and  variations  among  patients  account  for  some  of  the  differences.  For 
our  purpose  it  will  suffice  to  accept  the  fact  that  in  congestive  heart  failure 
sodium  excretion  is  diminished  and  that  glomerular  filtration  and  tubular 
reabsorption  both  play  a  role.  Whether  this  is  mediated  directly  through 
the  changes  in  renal  hemodynamics  as  described  above,  or,  as  has  been 
suggested  by  others,  through  rises  in  salt-absorbing  steroids  or  other  sub¬ 
stances  (12a-g),  or  via  increases  in  intra-abdominal  or  renal  vein  pressures 
(13a-c)  is  unsettled.  It  is  obvious  however  that  a  diminished  glomerular 
filtration  rate  can  hardly  he  advanced  as  an  explanation  for  the  sodium 
retention  in  the  instances  of  high  output  failure;  excessive  tubular  reab¬ 
sorption  is  a  more  probable  explanation.  It  would  appear,  therefore  that 
The  abnormal  conservation  of  sodium  by  the  kidney  m  congestive  head- 
failure  is  the  result  of  a  disturbance  in  the  volume-regulating  mechanism 
of  the  body  and  that  multiple  receptors  and  effector  paths  may  he  involved 
(c.f.,  figure  1-11  in  chapter  1). 

C.  Starling’s  Laws  and  the  Concept  of  Forward  Failure 

,r line’s  studies  indicate  that  within  certain  limits  increases  in  venous 
prSTor  -precisely,  increases  in  central  or  intracardiac  pressure  are 
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accompanied  by  an  increase  in  the  cardiac  output  (16).  When  the  upp 
limit  of  this  relationship  is  exceeded  the  net  movement  of  blood  by  the  heal 
falls.  This  will  ultimately  result  in  the  relative  or  absolute  expansion  oi 
plasma  volume  via  the  renal  mechanisms  described  earlier.  Clinically,  the 
patient  then  shows  venous  distension,  an  elevation  of  the  venous  pressure, 
and  a  rise  in  the  central  pressure.  Interference  with  the  return  of  transudate 
to  the  circulation  produces  peripheral  edema  and  accumulations  of  pleural, 
peritoneal,  and  pericardial  fluids  in  accordance  with  the  second  of  Starling’s 
principles  or  “laws,”  i.e.,  that  rising  venous  pressures  increase  capillary 

transudation  (17). 

Hence  the  concept  of  forward  failure  and  Starling  s  laws  aie  c]uite 
compatible. 


III.  Changes  in  Body  Fluids  in  Congestive  Heart  Failure 

A.  Sodium  and  Water  in  Extracellular  Fluid ,  Cells,  and  Plasma 

The  result  of  an  intake  of  sodium  in  excess  of  renal  excretory  ability  is  a 
retention  of  sodium.  The  osmoreceptor-antidiuresis  apparatus  which  regu¬ 
lates  solute-solvent  relationships  effects  a  retention  of  water.  Since  sodium 
is  predominantly  an  extracellular  ion,  both  the  plasma  and  interstitial 
fluids  expand  in  volume  (la-f).  The  extracellular  concentration  of  sodium 
remains  normal  or  slightly  elevated  (lc,  h).  Although  transfers  of  sodium 
between  extracellular  and  intracellular  fluid  have  been  reported  to  occur 
in  both  directions  (la,  c),  the  osmotic  activity  of  cell  solutes  appears  to 
increase  and  the  volume  of  cell  water  to  rise  (la,  c).  Hence,  the  end  result 
is  an  expansion  of  the  fluid  in  all  of  the  body  compartments.  (See  figs.  3-12, 
3-13,  3-14,  8-3  and  tables  23-11  to  23-VII). 

The  rise  in  plasma  and  blood  volume  is  usually  thought  to  be  absolute, 
involving  the  greater  and  lesser  circuits  and  the  arterial  and  venous  circu¬ 
lation  to  greater  or  lesser  degrees  (14a-d).  However,  some  workers  doubt 
that  the  plasma  is  actually  expanded  while  others  have  suggested  that  the 
'  olume  of  plasma  in  relationship  to  the  vascular  tone,  variations  in  the  size 
of  the  vascular  bed,  or  redistribution  within  vascular  subdivisions,  may  be 
moie  important  than  the  actual  plasma  or  blood  volume  (15a— e). 

B.  Chloride,  Bicarbonate,  and  pH  Changes  in  Congestive  Heart  Failure 

Studies  in  one  of  our  laboratories  (lg)  indicate  that  patients  with  con¬ 
gestive  heart  failure  frequently  have  high  bicarbonate  and  low  chloride 
concentrations  in  plasma.  This  presumably  is  related  to  the  fact  that  such 
patients  during  diuresis  tend  to  lose  equivalent  amounts  of  chloride  and 
sodium  whereas  in  the  body  sodium  concentrations  exceed  those  of  chloride- 
a  primary  hypochloremic  metabolic  alkalosis  then  develops  (lb  c).  How¬ 
ever  in  some  of  the  patients  the  lowering  of  the  chloride  was  attributable  to 
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Buffer  base  excess 


(  meta  bol  ic  o  I  Kalosis  ) 


Fia.  13-1.  Disturbances  in  Anion-Cation  Balance  and  pH  in  Congestive  Heart 

Failure 


The  two  major  variables  of  carbon  dioxide  pressure  and  buffer  cation  or  base  con¬ 
centration,  as  determined  in  12  edematous  patients,  are  shown  on  the  Singer  grid  (see 

fig.  11-12).  .  . 

The  high  total  CO2  content  of  venous  serum  in  these  patients  was  associated  with 

an  increase  in  buffer  base  concentration  in  most  of  the  cases,  indicating  a  component 
of  metabolic  alkalosis,  presumably  due  to  prior  mercurial  diuresis.  In  4  of  the  o  eases 
in  which  the  P co*  was  elevated  (Quadrant  I)  the  high  pH  indicated  that  this  respira¬ 
tory  retention  of  C02  was  secondary  to  the  primary  metabolic  alkalosis ;  a  lesser  primary 
CO*  retention  due  to  inadequate  pulmonary  gas  exchange  cannot  be  ruled  out.  In  the 
other  cases  with  a  respiratory  C02  deficit  (Quadrant  I\  )  this  process  must  have  bee 
a  primary* one  mixed  with  a  primary  metabolic  excess  of  buffer  base,  since  neither 
change  is  compensatory  to  the  other;  accordingly  the  pH  change  r 

It  is  apparent  that  the  anion-cation  balance  and  pH  in  this  condition  is  t 
sultant  of  multiple  processes  which  may  affect  both  the  metabolic  and  respiratory 
variables.  (From  Squires,  Singer,  Moflitt,  and  Elkinton  (lg).) 


primary  C02  retentioit  as  a  consequence  of  cardiopulmonary  disease  with 
a  secondary  renal  response  (fig.  13-1).  This  is  supported  by  the  finding  o 
elevated  levels  of  I’co,  in  4  of  the  12  patients  (lg)  w^ch  pom  ed  to  the 
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the  precise  anion-cation  balance  and  pH  in  congestive  heart  failure.  In  this 
limited  group  of  congestive  heart  failure  cases  there  was  no  evidence  that 
the  undetermined  anion  fraction  was  greatly  increased.  Even  though  con¬ 
gestive  failure  alters  renal  function  the  clearance  of  undetermined  anions 
appears  to  be  well  maintained  even  in  those  patients  who  develop  moderate 

azotemia. 

C.  Serum  and  Cell  Potassium  in  Congestive  Heart  Failure 

Deficits  of  potassium  do  occur  in  congestive  failure.  The  inadequate  in¬ 
take  of  food  in  the  face  of  a  continued  urinary  loss  of  the  electrolyte,  and 
the  tendency  of  diuretic  agents  such  as  mercury,  carbonic  anhydrase  inhib¬ 
itors,  and  of  digitalis  to  accelerate  urinary  losses  of  potassium,  all  contribute 
to  such  deficits.  The  exchange  of  cell  potassium  for  sodium  in  sodium  reten¬ 
tion  has  already  been  mentioned  and  may  play  a  role  in  accelerating  nega¬ 
tive  balances.  Although,  as  in  the  case  of  sodium,  deficits  of  potassium  can 
coexist  with  high,  low,  or  unchanged  serum  levels,  the  serum  concentration 
is  usually  within  the  normal  limits  in  those  cases  uncomplicated  by  renal 
insufficiency  or  vomiting  (lg). 

However,  the  absence  of  hypokalemia  does  not  clearly  exclude  the 
possibility  of  intracellular  deficits  of  this  electrolyte.  These  have  been  dem¬ 
onstrated  to  be  present  in  3  of  the  4  balance  or  isotope  dilution  studies 
cited  earlier  (la-c,  If).  Also  the  simultaneous  retention  of  potassium  and 
the  restoration  of  sodium  levels  to  normal  in  congestive  failure  are  suggestive 
evidence  for  cell  deficits  of  potassium  and  excesses  of  sodium  (15f,  g).  Hence 
the  possibility  of  intracellular  potassium  deficit  should  be  considered  in 
any  patient  with  congestive  failure,  although  it  is  more  apt  to  be  present 
in  those  patients  with  a  combination  of  hypochloremic  alkalosis  and  hypo¬ 
kalemia. 


IV.  Hyponatremia  without  and  with  Sodium  Depletion  in 

Congestive  Failure 

As  indicated  earlier  the  retention  of  sodium  is  accompanied  by  a  reten¬ 
tion  of  water.  Hence  in  most  instances  of  untreated  congestive  failure, 
serum  sodium  and  chloride  levels  are  not  greatly  different  from  those  seen 
in  healthy  individuals  (lh).  However,  in  a  certain  number  of  patients  with 
severe  protracted  congestive  failure  the  serum  sodium  and  chloride  levels 
become  lowered  (lg).  At  first  thought  this  might  be  attributed  to  salt  de¬ 
pletion  by  virtue  of  the  sodium  restriction,  mercurial  diuretics,  exchange 
resms  etc  which  are  inevitably  employed  in  the  treatment  of  such  patients. 
That  this  frequently  is  not  sodium  depletion  is  evident  from  the  observa- 

(lflhl  On  Th  "0  ,('crapyfm0f  common,y  <l°es  not  result  in  improvement 
(19b).  On  the  contrary  ,t  only  serves  to  produce  transient  increases  in  the 
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concentrations  of  these  electrolytes,  at  times  associated  with  thirst,  with 
an  ultimate  aggravation  of  the  edema.  The  mechanism  of  this  hypotonicity 
has  not  been  elucidated.  It  appears  to  represent  a  resetting  of  the  osmore¬ 
ceptor-renal  response  mechanism  at  a  new  low  level  during  this  form  of 
congestive  failure  with  the  result  that  it  cannot  decrease  the  expanded  salt 
and  water  stores  nor  raise  the  concentrations  to  values  present  in  health. 
It  is  possible  that  prolonged  illness  causes  decreases  in  or  losses  of  osmoti- 
cally  active  constituents  from  cells  and  that  this  is  in  turn  reflected  in  the 
generalized  hypotonicity  (lm,  18a,  b).  Though  the  origins  of  this  develop¬ 
ment  are  uncertain  its  portent  is  definite:  the  development  of  hyponatremia 
of  this  type  is  an  ominous  sign  that  the  patient  will  probably  succumb 
(19a-c). 

Another  clinically  important  form  of  hyponatremia  in  congestive  failure 
is  that  associated  with  true  sodium  depletion.  Rigorous  therapeutic  meas¬ 
ures  may  produce  actual  deficits  of  sodium  either  through  renal  or  extra- 
renal  losses  as  in  vomitus  and  sweat,  even  though  edema  persists.  This  is 
obviously  a  serious  complication  since  it  leads  to  further  circulatory  dete¬ 
rioration.  This  form  of  hyponatremia  is  usually  difficult  to  distinguish  from 
the  equally  serious  hyponatremia  mentioned  earlier  and  often  a  trial  of 
sodium  administration  is  required  for  differentiation  (19b,  c)  (fig.  13-2). 
Again,  as  in  other  conditions  of  sodium  depletion,  it  should  be  pointed  out 
that  the  presence  of  normal  or  elevated  levels  of  sodium  does  not  exclude 
the  existence  of  a  low-salt  syndrome.  1  his  is  a  disturbance  in  regional  dis¬ 
tribution  of  the  body  fluids:  a  systemic  sodium  depletion  in  the  presence 
of  peripheral  edema  (see  fig.  8-0). 

Finally,  a  word  concerning  the  chloride  ion  in  relationship  to  the  changes 
in  sodium:  the  level  of  this  electrolyte  alone  or  in  conjunction  with  the 

bicarbonate  level  may  reflect  changes  in  sodium.  This  is  not  invariable  and, 

as  a  matter  of  fact,  is  all  the  less  likely  to  be  true  in  severe  congestive  heart 
failure  (see  above,  Section  III,  B,  and  fig.  13-3). 


V.  Treatment  of  Congestive  Heart  Failure 

As  in  all  clinical  situations  extra  burdens  such  as  rheumatic  myocarditis, 
thyrotoxicosis,  and  congenital  or  acquired  abnormalities  should  be  removed. 
However,  in  the  common  forms  of  this  syndrome  occurring  in  artenosclei- 
Otic  rheumatic  or  hypertensive  heart  disease  the  problem  resolves  itself 
into'  reduction  of  exe^ona.  activity  so  that  it  fails  within  the  compass  o 
cardiac  ability  while  the  efficiency  of  the  myocardium  is  being  raised  t 
maximal  levels.  This  means  diminished  labor  as  well  as  digitalis  admini 
"i  Whether  the  latter  exerts  its  beneficial  effects  by  direct  stimulation 
of  ttie  myocardium,  or  less  directly,  by  lowering  tachycardia  or  by  decreas¬ 
ing  venous  tone  and  thereby  permitting  myocardial  function  within 
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Fig.  13-2.  Response  of  a  Cardiac  Patient  with  the  Salt  Depletion  Type  of 
“Low  Salt  Syndrome”  to  Hypertonic  Sodium  Chloride  Solution 
During  the  oliguric  phase  when  the  fluid  intake  was  increased,  days  8  to  11,  the 
patient  was  hypotensive,  the  serum  sodium  level  fell,  and  azotemia  rapidly  de¬ 
veloped  On  day  12  severe  limitation  of  water  intake  plus  hypertonic  sodium  therapy 
resulted  in  a  rise  in  serum  sodium  concentration  to  129  mEq./l.  and  a  moderate  in¬ 
crease  in  urinary  output.  On  days  13  to  15  when  water  intake  was  moderately  re¬ 
stricted  but  no  hypertonic  salt  was  given,  the  patient  excreted  a  large  volume  of  wa- 
r  with  von  little  salt,  resulting  in  the  loss  of  edema  and  a  restoration  of  the  serum 
sodium  concentration  to  high  normal  levels.  This  readjustment  occurred  without 

u,c  1,100,1  urea  nitrogen  * — 
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Fig.  13-3.  Anion-Cation  Patterns  Encountered  in  Cardiac  or  Cardiopulmo¬ 
nary  Patients 

14+-  stands  for  cations  other  than  sodium  and  II-  refers  to  anions  other  than  HCOr 

and  Cl-.  , 

In  column  B  hypochloremic  alkalosis  resulting  from  undue  loss  of  chloride  as  in 

prolonged  mercurial  therapy,  or  occurring  as  a  manifestation  of  cellular  potassium 
deficiency  is  shown  to  be  indistinguishable  without  pH  measurement  from  primary  res¬ 
piratory  acidosis. 

In  column  C  changes  present  in  the  low  salt  syndrome  on  the  basis  of  either  sodium 
and  chloride  depletion  or  the  institution  of  a  new  steady  state  as  a  consequence  o 
alterations  in  volume  and  concentration  regulation  are  shown. 

In  column  D  the  effects  of  NH4C1  therapy  are  shown.  (After  Schwartz  and  Reiman 

(19b).) 

limits  set  by  Starling’s  law,  is  of  minor  import.  It  is  essential  however,  that 
enough  digitalis  or  its  products  he  given  to  meet  the  patient  s  needs  rather 
than  to  satisfy  a  mathematical  formula  which  was  offered  only  to  give 
clinician  some  idea  of  orders  of  magnitude  This  may  necessitate  producing 
digitalis  intoxication  in  some  patients  before  the  theiapeu  i. 

C°ThffoIloSUprienciple  holds  with  respect  to  eliminating  the  excesses _of 
body  water  and  sodium  and  preventing  their  reaccumulation.  a  negative 
balance  of  these  elements  must  he  achieved  either  by  increasing  he  urinary 
„u  put,  decreasing  the  intake  via  the  gastrointestinal  tract,  or  both.  Dig, 
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Fig.  13-4.  Resin  Therapy  in  Congestive  Heart  Failure 
The  administration  of  a  mercurial  diuretic  after  the  institution  of  cation  exchange 
resin  therapy  resulted  in  the  partial  elimination  of  edema  which  had  previously  been 
refractory  to  mercurials  alone.  During  days  10  to  18  inclusive,  sodium  was  lost  in  t lie 
stools  in  amounts  equal  to  or  slightly  in  excess  of  the  oral  intake,  but  the  largest  por¬ 
tion  of  sodium  was  excreted  in  the  urine.  (From  Elkinton,  Squires,  and  Klingensmith 
(21a).) 


tabs  and  limitation  of  activity  may  effect  the  increased  output;  diuretic 
agents  such  as  urea,  ammonium  chloride  and  similar  acidifying  salts,  car¬ 
bonic  anhydrase  inhibitors,  and  even  a  larger  water  intake  may  initiate  or 
augment  this  increase.  The  decreased  intake  can  be  achieved  by  dietary 
restriction  or  the  use  of  cation  exchange  resins.  These  therapeutic  agents 
have  all  been  discussed  in  detail  in  chapter  9.  Their  effects  are  illustrated 
in  gures  13-4  through  13-8.  However,  it  might  be  well  again  to  point  out 
he  need  for  MI4C  1  in  patients  who  develop  hypochloremia  and  alkalosis  to- 
ge  er  with  refractoriness  to  mercurial  diuretics  (18c,  19b,  c).  In  such  instances 
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Patient:  S.B.  ,  56  <?  N  ,  Congestive  heart  failure 
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Fig.  13-5.  Treatment  of  Congestive  Heart  Failure  with  Aminophylline, 
Mercurial  Diuretic,  and  Resin;  Limitations  in  the  Ability  of  the 
Resin  to  Handle  Extra  Sodium  Chloride  in  the  Diet 
Intake  is  plotted  upward  and  output  downward;  resultant  above  the  zero  line  is  a 
positive,  and  below  a  negative,  balance.  Urinary  output  of  sod.um  is  represented  b> 
diagonal  crosshatching,  fecal  output  by  vertical  lining 

Increments  to  the  diet  of  two  and  four  grains  haCl  per  day  (dais  to  14  > 

resulted  in  a  positive  sodium  balance  and  a  metabolic  hyperchloremic  acidosis, n. 
The  resin  in  the  feces  could  not  control  the  extra  sodium  nor  the  kidneys  the  extra 

chloride.  (From  data  of  Bluemle  et  al.  (21b).) 

restoration  of  chloride  concentrations  again  permits  the  mercurial l  i°n 
serve  as  a  natriuretic  agent;  carbonic  anhydrase  inhibitor  may  assis  . 

a  The'most^difficnlt  cases,  as  indicated  earlier,  are  those  instances  of  intrac¬ 
table  edema  which  develop  hyponatremia  not  attributable  to  sc^nmdep 

tion.  Restoration  of  cardiac  efficiency  is  the  nta.n  goal  m  these  paben  ^ 
since  by  and  large  other  measures  are  not  successful.  Weston 
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Fig.  13-6.  Cation  Exchange  Resin  Therapy  in  Congestive  Heart 

Failure 

S.  H.  was  started  on  45  grams  per  day  of  the  H+,  K+  forms  of  the  cation  exchanger. 
,o(  mm  restriction  was  irregular  and  consisted  of  partial  elimination  of  the  salt 
*  ^  deV1el°pe/  temporaiy  gastric  distress  for  two  days  after  starting  treat¬ 

ment  and  complained  of  constipation,  but  preferred  the  present  therapy  to  the  in- 

in  TS' m  d,S?°ntinUed  thft  rCSin  °n  the  147th  day  because  she  had  used  up  her 
supp hes.  When  she  was  seen  two  weeks  later,  she  had  recurrence  of  her  edema  and 
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Fig.  13-7.  Effectiveness  of  Prolonged  Cation  Exchange  Resin  Therapy 

in  Edema 

It.  It.  reported  nausea,  weakness,  listlessness,  constipation  and  bloating  aflcr  the 
resin  was  started.  In  several  days  the  nausea  had  disappeared  and die. ^  d 

were  constipation  and  bloating.  She  received  the 11+  form  of  the  e in  fo -K  days  » 

. . 

and  Danowski  (18c).) 
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’’’“L  13-8.  Hypokalemia  during  Prolonged  Cation  Exchange  IUsin  Therapy 

f  •  V  W,aS  St  ar1.ed  °n  45  grams  per  day  of  the  II+>  K+  forms  of  the  resin  The  patient 
efused  a  low  sodium  diet  but  did  reduce  the  use  of  the  salt  shaker  The  resin  produced 

w  <"»• !  h«  '-Oent  temporarily  reduced 

was  raised  to  60  irrams  per  dly  “1,^7  'I  T?  inCrCMe<l  80  the  resi" 
almost  all  the  extra  fluid,  increased  weakness  difficuUyfo’  5"  "  ;l0'iVCry 
The  serum  potassium  was  abnormally  low  at  this  time  and  hJ  ^  drowflness- 
tary  potassium  citrate  6.0  grams  nor  dnv  fnrfi  i  ,  d  he  was  g,ven  supplemen- 

elevation  of  his  serum  potassium  to  3.6  mEqV/ld?FromGreteCnl11 n‘Cal  C^ange  but  with 
nowski  (18c).)  ^ '  rom  Greenman,  Shaler,  and  Da- 
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leagues  report  success  in  some  of  these  patients  with  a  regimen  of  potassium, 
extra  digitalis,  ammonium  chloride,  mercurial  diuretics,  aminophyllin,  and 
cation  exchange  resins  given  within  a  period  of  one  or  two  days  in  the  order 
listed  (20).  As  a  final  desperate  measure  hypertonic  (3  to  5  per  cent)  XaCl 
solution  should  lie  given  with  restriction  of  total  water  intake,  since  in  a 
minority  of  patients  this  sometimes  leads  to  a  diuresis. 

In  essence  therefore  we  have  presented  a  view  of  congestive  heart 
failure  in  which  the  known  alterations  in  the  body  fluids  more  or  less  char¬ 
acteristically  present  in  such  patients  reflect  alterations  in  the  homeostatic 
regulation  of  amount,  concentration  and  distribution  of  water  and  electro¬ 
lytes  within  the  body.  Many  factors,  known  and  unknown,  contribute  to 
these  new  equilibria.  The  fact  that  patients  may  respond  to  judicious  al¬ 
terations  in  sodium  metabolism  or  to  other  therapeutic  measures  should  not 
distract  the  clinician  from  the  realization  that  the  fundamental  cause  of 
congestive  failure  is  cardiac  debility,  relative  or  absolute.  Every  attempt 
should  be  made  therefore  to  remove  the  cause  of  congestive  failure,  i.e.,  the 
disparity  between  the  work  load  imposed  on  the  heart  and  the  work  ca¬ 
pacity  of  this  organ,  prior  to  manipulations  of  the  manifestations  of  con¬ 
gestive  failure. 


Summary:  Irrespective  of  whether  the  edema  of  heart  failure  is  taken  to 
represent  a  renal  inability  to  excrete  sodium  (i.e.,  forward  failure)  or  is  looked 
upon  as  a  circulatory  disturbance  in  which  the  Starling  law  concerned  with 
hydrostatic  and  oncotic  pressures  is  operative  (i.e.,  backward  failure),  it 
essentially  represents  a  disturbance  of  the  mechanisms  which  regulate  the 
volume  the  distribution,  and  frequently,  the  concentrations  of  body  fluids. 
As  a  consequence  of  such  disturbances  new  steady  states  or  equilibria  are 
set  up  in  which  the  total  amount  of  body  water  and  sodium  is  increasec , 
the  absolute  and  relative  volumes  of  plasma,  interstitial  and  cell  fluid  are 
altered  and  the  ionic  composition  may  be  changed  inside  and  outside  o 
cells  Though  therapy  is  often  directed  toward  the  manifestations  of  con¬ 
gestive  heart  failure  such  as  the  edema,  dyspnea  etc  the  key  position  of 
the  heart  in  the  genesis  of  these  manifestations  is  well  established.  n  « 
of  the  latter,  the  treatment  of  symptoms  and  manifestations  must  run 
pari  passu  with  therapy  designed  to  remove  the  disproportion  between  the 
need  of  the  tissues  with  regard  to  oxygen  and  other  forms  of  transportable 
materials,  and  the  ability  of  the  heart  to  meet  such  needs. 
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Chapter  14 

CIRRHOSIS  AND  ASCITES 


I.  Electrolyte  and  Water  Changes  in  Cirrhosis 

The  progressive  displacement  of  liver  parenchyma  by  fibrous  tissue 
ultimately  produces  comparable  changes  in  most  of  the  body  solutes  and 
fluids  under  discussion  in  this  text,  irrespective  of  whether  the  cirrhosis  is 
of  the  biliary  or  Laennec’s  type. 


A.  Early  Changes  in  Body  Fluids 

There  are  no  adequate  data  to  exclude  the  possibility  that  in  the  earliest 
phases  of  chronic  progressive  liver  disease  the  body  water  and  the  chief  elec¬ 
trolytes  are  appreciably  altered,  though  still  within  the  range  of  normal.  In 
the  presence  of  normal  concentrations  and  in  the  absence  of  edema  or  as¬ 
cites  the  total  amounts  are  of  course  unchanged.  As  the  disease  progresses 
serum  albumin  falls  and  globulin  rises.  The  first  of  these  changes  is  com¬ 
monly  taken  to  reflect  the  inability  of  the  liver  to  manufacture  enough 
protein  but  it  may  well  reflect  the  establishment  of  a  new  homeostatic  level 
ill  response  to  other  factors  in  the  disease  state.  It  is  interesting  in  this  re- 
gard  that  the  disappearance  rate  of  tagged  albumin  is  decreased  (la,  b) 
The  etiology  0f  the  hyperglobuhnemia  remains  unidentified. 

upid  Changes  in  serum  should  be  mentioned  for  the  sake  of  completeness 

tfiTea  TUK  i  y  \ ”t  faMy  aCklS  fa"  int0  the  electrolyte  category  In 
the  early  phases  of  Laennec’s  cirrhosis  total  cholesterol  and  lipid  phos 
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lytes  should  be  mentioned.  It  has  been  found  that  in  entities  such  as  dia¬ 
betic  acidosis  or  nephrosis  extremely  high  levels  of  blood  fat  were  associated 
with  lowered  electrolyte  concentrations  (le).  This  is  in  a  sense  an  arte- 
f actual  result  since  in  terms  of  concentrations  of  electrolytes  in  water  the 
values  were  not  necessarily  abnormal.  An  aliquot  of  such  serum  or  plasma 
contains  an  excessive  amount  of  fat  which  occupies  space  but  does  not 
serve  as  a  solvent  for  the  electrolytes. 

B.  Electrolyte  and  Water  Changes  in  Far- Advanced  Cirrhosis 

In  the  far-advanced  phase,  i.e.,  in  patients  with  ascites  and  edema,  both 
the  levels  and  total  amounts  of  water  and  of  solute  are  altered.  In  the  un¬ 
complicated  cirrhotic  of  this  type  the  total  amounts  of  sodium  and  chloride 
are  increased  while  their  concentrations  in  serum  are  frequently  lowered. 
The  potassium  levels  are  either  normal  or  decreased  while  the  bicarbonate 
may  be  decreased  (fig.  14-1).  As  in  the  earlier  phases  albumin  is  down  and 
globulin  up,  though  to  more  pronounced  degrees.  The  total  and  non-ionized 
calcium  is  lowered  in  keeping  with  the  diminished  albumin.  The  phosphorus 
in  serum  is  not  markedly  changed  (lf-h).  In  far-advanced  cirrhosis  the  total 
lipid  values  tend  to  decline  in  both  the  biliary  and  Laennec’s  forms  of  the 
disease.  The  ester  fraction  continues  to  be  abnormal  (Id).  A  comparison 
of  the  fasting  electrolyte  levels  in  the  far-advanced  categories  of  cirrhotic 
patients,  with  and  without  ascites,  based  on  unpublished  studies  from  these 

laboratories,  is  presented  in  figure  14-1. 

In  an  earlier  chapter,  number  4,  it  was  pointed  out  that  in  human  adults 

serum  electrolyte  levels  are  somewhat  different  in  the  two  sexes.  Thus, 
bicarbonate  levels  are  known  to  be  higher  and  the  chloride  levels  lonei  in 
the  males.  In  cirrhosis  abnormal  levels  of  estrogens  accumulate  largely  and 
perhaps  entirely  as  a  result  of  the  hepatic  insufficiency.  Gonadotrophins  are 
owered  and  the  testicular  output  of  17-ketosteroids  declines  (li-k).  lliese 
changes  are  accompanied  by  testicular  atrophy,  breast  enlargement,  de¬ 
creases  in  axillary  hair,  palmar  erythema,  and  cherry  nev. 
these  evidences  of  “feminization”  it  is  not  surprising  to  find  that  the  seium 
electrolytes  in  some  of  the  members  of  this  group  of  male  cirrhotics  had 
assumed  a  female  pattern,  i.e.,  with  the  chloride  higher  and  bicarbonate 
lower  than  in  the  male.  This  is  evident  in  figure  14-1. 

II.  Factors  Operative  in  the  Ascites,  Edema  and  Sodium  Retention 

in  Cirrhosis 

The  lirst  thought  that  the  ascites  of  cirrhosis  is  solely  and  directly  a  man- 
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Fig.  14-1.  Fasting  Serum  Electrolytes  in  Adult  Males  with  Far-Advanced 

Laennec’s  Cirrhosis 


The  clashes  identify  the  range  of  values,  mean  ±  2  S.D.,  obtained  in  60  to  64 
analyses  in  healthy  young  adults.  Open  circles  refer  to  patients  with  ascites.  A  ten¬ 
dency  to  hyponatremia  is  readily  evident  whereas  the  potassium  levels  are  generally 
normal.  As  indicated  in  the  text,  the  bicarbonate  and  chloride  values  have  in  many 
instances  assumed  the  female  pattern.  The  serum  inorganic  phosphorus  is  not  usual 
(Danowski  et  al,  unpublished  data.) 


plasma  and  plasma  substitutes  do  not  necessarily  correct  these  abnormal¬ 
ities  and  that  edema  and  ascites  can  be  made  to  disappear  without  any 
discernible  change  in  either  the  proteins  or  the  pressures.  However  even 
though  there  is  no  “critical  level”  of  serum  albumin  at  which  edema  in¬ 
variably  appears,  it  is  true  that  the  rates  of  transudate  formation  and  re- 
absorption  are  altered  in  conformance  with  the  differences  in  the  hydrostatic 
and  oncotic  pressures  (2a-d).  It  is  only  when  the  net  effects  of  these  ev- 
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A.  Sodium  Metabolism  in  Cirrhosis 

As  in  the  case  of  patients  with  congestive  heart  failure  it  has  been  shown 
that  the  fluid  retention  which  occurs  in  cirrhotics  arises  in  part  at  least 
from  a  restricted  ability  to  excrete  administered  or  ingested  sodium  (3a-d). 
A  number  of  changes  have  been  identified  to  be  of  potential  or  actual  sig¬ 
nificance  in  this  retention.  Again,  the  question  of  the  importance  of  a  re¬ 
duced  glomerular  filtration  rate  in  limiting  sodium  excretion  has  been  raised. 
As  in  the  instance  of  certain  congestive  failure  patients,  it  has  been  found 
that  in  cirrhosis  glomerular  filtration  may  be  normal,  and  hence  sodium 
retention  has  to  be  attributed  in  at  least  these  patients  to  increased  tubular 
reabsorption  (4a-d).  Increased  tubular  reabsorption  of  sodium  has  also  been 
noted  in  experimental  conditions  which  duplicate  in  part  conditions  which 
prevail  in  the  cirrhotic  once  ascites  has  developed.  Thus,  increases  in  intra- 
abdominal  pressure  brought  about  by  external  constriction  lower  the  ex¬ 
cretion  of  sodium;  also,  as  mentioned  in  the  chapter  dealing  with  congestive 
failure,  increases  in  renal  vein  pressure  interfere  transiently  with  the  renal 
output  of  this  ion  (5a-c).  Both  of  these  situations  could  and  probably  do 
occur  in  ascites. 


B.  Balances  of  Water  in  the  Far- Advanced  Cirrhotic 

The  net  positive  balances  of  sodium  which  occur  in  cirrhosis  are  accom¬ 
panied  by  a  retention  of  water.  The  proportion  of  retained  water  to  retained 
sodium  is  such  however  that  the  sodium  levels  are  often  at  the  lower  dis¬ 
tribution  of  values  seen  in  healthy  adults,  or  actually  below  it.  Iheie  aie 
at  least  four  possible  reasons  for  this  disproportionate  retention  of  watei. 

First  it  may  represent  a  change  in  the  osmotically  active  components 
within  cells.  It  has  been  shown  that  these  can  vary  in  amount  (6a,  b)  and 
suggested  that  the  generalized  hypotonicity  seen  at  times  in  chronic  disease 
states  such  as  tuberculosis  (6c,  d)  could  result  from  a  decrease  m  cell  solute^ 
A  change  such  as  this  occurring  m  cirrhosis,  possibly  mediated  throug 

malnutrition,  could  account  for  the  hyponatremia. 

Second,  the  drop  in  sodium  could  indicate  a  form  of  sodium  depletion 
produced  by  a  combination  of  sodium  restriction,  mercurial  diuresis,  su eat¬ 
ing  losses  of  the  electrolyte  via  paracentesis  abdominalis,  etc. _  (7a  c) 
Though  sodium  depletion  does  occur  in  patients  with  cirrhosis  and  ascites 
it  is  not  the  commonest  cause  of  hyponatremia.  The  chief  proof  foi  this  is 
theS observation  that  sodium  administration  usually  does  not  prove  bene- 
1  Ullt  rnther  produces  thirst  and  increased  edema. 

Third  the  low  sodium  levels  could  represent  an  abnormal  production  01 
’  .  i  *  thp  nosterior  pituitary  antidiuretic  substances  with 

a'resultan ^over-retention  of  water  and  a  dilution  of  the  body  fluids.  Against 
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this  is  the  observation  that  such  patients  often  but  not  always  respond 
normally  to  water  loading  and  that  the  diuresis  which  follows  ingestion  ot 
water  can  be  interrupted  with  exogenous  pitressin  just  as  readily  and  as 
effectively  as  in  normals  (8a-e).  These  observations  suggest  that  the  onset 
of  antidiuretic  activity,  its  peak,  and  its  duration  are  normal  irrespective 
of  whether  the  test  situation  is  based  on  exogenous  or  endogenous  pitressin. 
The  finding  of  increased  antidiuretic  material  in  urine  or  in  body  fluids  of 
such  patients  has  in  the  past  been  advanced  as  an  etiologic  factor  in  the 
body  fluid  disturbances  of  cirrhosis  (9a,  b).  Further  studies  with  a  precise 
technic  indicate  that  this  may  indeed  be  true  but  that  it  may  or  may  not 
be  associated  with  edema  and  that  comparably  high  elevations  may  be 
present  in  diseases  such  as  hypertension  without  any  evidence  of  body 
water  excesses  (9b).  It  should  be  kept  in  mind  however  that  the  materials 
which  are  measured  by  means  of  these  bio-assay  technics  have  not  been 
identified  as  products  of  the  posterior  pituitary. 

Fourth,  the  body  fluid  disturbance  in  cirrhosis  with  ascites  and  hypo¬ 
natremia  could  represent  a  resetting  of  the  volume  and  osmoreceptors  of 
the  hypothalamus  at  lower  levels  with  normal  production  and  disposal  of 
antidiuretic  substances.  A  new  steady  state  is  set  up  in  which  body  water 
is  increased,  sodium  levels  are  lowered,  urine  volumes  are  small,  and  salt 
excretion  is  limited. 

Though  some  comments  have  been  made  concerning  the  possible  validity 
of  each  of  these  explanations,  our  information  is  as  yet  insufficient  to  as¬ 
cribe  the  development  of  hyponatremia  in  cirrhotics  to  any  one  of  these 
categories  to  the  exclusion  of  the  others. 

C.  Metabolism  of  Potassium  in  Cirrhosis 

It  is  obvious  that  patients  with  cirrhosis  are  candidates  for  potassium 
depletion.  The  illness  itself  is  major  and  is  often  accompanied  by  anorexia 
and  decreased  potassium  intake.  Vigorous  measures  such  as  mercurial  diu¬ 
resis  and  exchange  resin  therapy  to  augment  sodium  excretion  are  usually 
superimposed.  These  procedures  result  in  an  increased  urinary  and  fecal  loss 
of  potassium.  Hence  the  existence  of  potassium  deficits  should  always  be 

suspected  in  far-advanced  cirrhotics  and  replacement  should  be  tried 
(lg,  lOa-c). 

D.  Reversal  of  Diurnal  Variation  in  Water  and  Electrolyte  Excretion 

It  has  been  found  that  the  usual  pattern  of  fluctuation  in  the  output  of 
water,  sodium  and  potassium  may  be  altered  in  cirrhosis.  Instead  of  the 
daytime  peak  and  a  nighttime  minimum,  the  sequence  is  reversed  (8e,  11a, 
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b).  It  is  probable  that  this  is  just  another  manifestation  of  the  abnormal¬ 
ities  of  endocrine  and  other  factors  in  the  regulation  of  body  fluids. 

III.  Treatment  of  Fluid  Retention  in  Cirrhosis 

Some  15  years  ago  it  was  demonstrated  that  many  of  the  patients  with 
advanced  cirrhosis  and  fluid  retention  benefited  by  high  protein  feeding 
(12a-d).  This  expanded  the  previous  programs  of  therapy  based  on  at¬ 
tempts  at  sodium  restriction,  mercurial  or  urea  diuresis,  plasma  or  whole 
blood  transfusions,  and  paracenteses  at  intervals.  In  the  succeeding  years 
there  has  been  no  substantial  change  in  these  therapeutic  measures,  though 
refinements  have  been  attempted  and  newer  agents  introduced  in  accord¬ 
ance  with  the  general  discussion  in  chapter  9.  Thus,  within  the  last  five 
years  a  greater  emphasis  has  been  placed  upon  more  rigid  sodium  restric¬ 
tion,  utilizing  diets  containing  only  a  few  milliequivalents  of  sodium  in  each 
day’s  intake  (13a-g).  Care  must  be  taken  in  patients  on  such  regimens  to 
avoid  sodium  depletion  by  virtue  of  extrarenal  losses  of  the  ion  or  its  re¬ 
moval  via  repeated  abdominal  tapping.  rlhe  possibility  that  the  absorption 
of  ingested  sodium  can  be  minimized  and  the  fecal  excretion  of  this  ion  in¬ 
creased  by  means  of  cation  exchange  resins  has  also  been  studied  (14a— c). 
These  investigations  have  shown  that  some  patients  are  benefited  by  these 
agents  provided  that  their  use  is  combined  with  some  significant  measure 
of  sodium  restriction.  Particular  care  must  be  taken  to  avoid  the  use  of 
resins  or  exchangers  precharged  with  ammonium,  since  these  patients  can¬ 
not  tolerate  these  forms  and  actual  hepatic  coma  may  be  precipitated.  This 
is  discussed  in  greater  detail  in  Section  IV  of  this  chapter.  Cation  exchangers 
in  the  hydrogen  form  can  however  be  used  to  produce  an  acidosis  which 
may  by  itself  induce  a  diuresis,  or  can  be  combined  with  mercurial  diuretics. 
Ammonium  chloride  should  of  course  not  be  given  to  these  patients,  though 
other  acidifying  salts  can  be  tried.  Of  the  newer  diuretic  agents  the  carbonic 
anhydrase  inhibitors  are  a  promising  innovation,  though  clinical  trials  are 
limited  (15a-c).  The  synthetic  plasma  protein  substitutes  such  as  dextran, 
polyvinylpyrollidone,  or  oxygelatin  can  now  be  used  in  place  of  blooc 
plasma,  o!  human  albumin  in  raising  the  oncotic  pressure.  4  ^y  by  no  means 
nrove  uniformly  effective  even  when  given  in  nonsahne  vehicles  (1  k ,  b 
It  is  evident  from  this  summary  that  none  of  the  current  practices  a 
invariably  successful  in  preventing  the  reaccumulation  of  ascitic  fluid  n 
cirrhosis  even  though  immediate  therapy  is  probably  more  effective  tha 
it  used  to  be.  This  has  undoubtedly  been  an  important  factor  m  leading 

in  some  but  not  all  patients  (17a,  b). 
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IV.  The  Electrolytes  in  Hepatic  Coma 

An  extremely  ominous  sign  in  the  course  of  far-advanced  cirrhosis  is  the 
development  of  gross  tremors  described  as  “flapping”  in  type,  and  stupor 
or  coma.  These  neurologic  changes  are  accompanied  by  abnormalities  of  the 
electroencephalogram.  The  syndrome  usually  ushers  in  the  terminal  phase 
of  the  disease.  There  are  no  evidences  that  the  coma  can  be  attributed  to 
further  abnormalities  in  the  chief  electrolytes  or  in  the  water  of  the  body 
(18a). 

With  the  advent  of  the  cation  exchange  resins  a  new  phase  in  the  under¬ 
standing  of  the  origins  of  hepatic  coma  was  inadvertently  achieved.  In  at¬ 
tempts  to  control  edema  with  these  agents  it  was  found  that  the  ammonium 
form  of  the  resin  precipitated  stupor  and  tremors  which  cleared  following 
withdrawal  of  the  exchanger.  Similar  changes  could  be  produced  by  am¬ 
monium  chloride  as  well  as  by  compounds  or  foodstuffs  which  gave  rise  to 
this  ion.  This  established  the  probable  genesis  of  hepatic  coma,  i.e.,  an 
inability  of  the  body,  and  of  the  liver  in  particular,  to  cope  with  the  am¬ 
monium  or  ammonia  load.  This  was  reflected  in  higher  levels  of  this  or  re¬ 
lated  compounds  in  the  blood  of  such  patients  (18b-j). 

In  treating  this  complication  of  cirrhosis  the  most  important  goal  should 
lie  the  improvement  in  liver  function  by  relying  upon  the  older  regimens 
as  well  as  undertaking  judicious  trials  of  some  of  the  newer  agents  such  as 
the  lipotropic  substances,  cortisone  and  ACTII  (19a,  b).  Obviously  ingestion 
of  ammonium  compounds  as  such  or  their  precursors,  and  among  the  latter 
high  protein  diets  must  be  included  (19c),  should  be  closely  controlled. 
Vivodialysis  by  means  of  the  artificial  kidney  is  certainly  worthy  of  trial 
in  cases  where  medical  management  proves  inadequate. 


Summary:  The  crucial  water  and  electrolyte  problem  in  cirrhosis  of  the 
liver  is  water  and  salt  retention  in  the  form  of  ascites  and  dependent  edema. 
The  fact  that  hypoalbuminemia  may  be  present  without  ascites  and  edema, 
that  ascites  and  edema  can  be  removed  without  correcting  pre-existing 
hypoalbuminemia,  and  finally,  that  restoration  of  colloidal  osmotic  pressure 
by  plasma,  albumin,  or  serum  protein  substitutes  need  not  result  in  a  deliv¬ 
ery  of  edema  indicates  that  other  conditioning  factors  are  operative  in  the 
undue  retention  of  salt  and  water.  Some  of  these  have  been  identified.  Thus 
ie  lenal  excretion  of  sodium  loads  is  diminished.  The  tendency  for  hypo¬ 
natremia  to  develop  in  such  patients  with  edema  and  ascites  unassociated 
uith  sodium  depletion  points  to  disturbances  of  regulators  of  the  volume 
art  emontntaon  of  the  body  fluids.  Therapy  is  directed  at  restoration  of 

nrotein  ,‘T  and  Semm  P?telns  towar(l  normal  by  means  of  an  optimal 
i  m  a  •( ,  symptomatic  treatment  with  plasma  expanders  diuretic 
agents,  cation  exchange  resins  etc.  is  to  be  undertaken  with  suitable  pre- 
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cautions  to  avoid  precipitation  of  hepatic  coma  as  a  consequence  of  “am¬ 
monia”  accumulation. 
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(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 
2.  (a) 

(b) 

(c) 


(d) 
3.  (a) 

(b) 
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“Diabetes  is  a  wonderful  affection,  not  very 
frequent  among  men,  being  a  melting  down  of  the 
flesh  and  limbs  into  urine.” 

Aretaeus  the  Cappadocian 


Chapter  15 

DIABETIC  KETOSIS  AND  COMA 


The  effective  and  prompt  disposal  of  carbohydrate  loads  requires  insulin 
in  adequate  amounts.  Since  pancreatectomy  is  known  to  lead  to  mild 
diabetes  which  is  readily  controllable  with  15  to  45  units  of  insulin  each 
day,  it  is  possible  that  anti-insulin  factors  are  present  in  patients  with 
spontaneous  diabetes  requiring  larger  daily  amounts  of  this  hormone.  Such 
an  anti-insulin  effect  could  be  mediated  through  changes  in  the  insulinase- 
anti-insulinase  system  described  by  Mirsky  and  Broh-Kahn  (la,  b).  As 
summarized  by  Stadie  (2a,  b)  relative  or  absolute  deficits  of  insulin  inter¬ 
fere  with  metabolism  of  carbohydrate  at  one  or  more  sites:  a)  entry  of 
glucose  into  cells  and  cell  structures  is  impeded  (2c,  d)  (see  1  in  figure  15-1), 
b)  the  phosphorylation  of  glucose  by  means  of  glucohexokinase  and  adeno¬ 
sine  triphosphate  (ATP)  is  retarded  (2e,  f)  (see  2  in  figure  15-1),  and  c)  the 
formation  of  new  ATP  and  the  conversion  of  pyruvic  acid  to  C02  and  H20 
through  the  citric  acid  cycle  (12g-i)  (see  3  and  4  in  figure  15-1)  proceed  at 
slower  rates.  Hormonal  factors  (anterior  pituitary,  adrenal  cortex,  and 
thyroid)  also  retard  carbohydrate  disposal  (2j-m)  but  their  sites  of  action 
are  not  known  and  their  roles,  if  any,  in  the  clinical  entity  of  diabetes 
mellitus  remain  unclarified. 


Diabetic  acidosis  and  coma  result  in  the  last  analysis  from  an  insufficient 
amount  of  insulin.  This  can  be  a  consequence  of  withholding  insulin  or 
result  from  a  rise  in  insulin  requirement  produced  by  starvation,  liver 
deglycogenation,  hypoglycemia,  infection,  a  decrease  in  physical  activity 
or  from  emotional  disturbances  (3a-i).  Several  sequelae  appear  upon  in¬ 
terruption  of  the  glycolytic  cycle.  Hyperglycemia  is  naturally  one  of  the 
eat  lest.  It  is  aggravated  by  conversion  of  liver  glycogen  to  glucose,  and  by 
ormation  of  sugar  from  other  body  components  such  as  amino  acids  and 
glycerol  As  the  sugar  level  rises  and  the  reabsorptive  capacity  of  the 
kidney  tubules  is  exceeded  glycosuria  appears. 
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Fig.  15-1 

Metabolic  Pathways  for  Disposal  of  Glucose  and  Possible  Sites 

of  Insulin  Action 

The  disposal  of  glucose  involves  entry  into  cells  and  formation  of  a  phosphate 
ester.  Thereafter,  the  phosphorylated  glucose  may  be  converted  into  glycogen,  enter 
the  6-phosphogluconic  shunt  or  proceed  to  pyruvic  acid  via  the  glycolytic  cycle 
Pyruvic  acid  may  in  turn  give  rise  to  active  2-carbon  fragments  for  the  synthesis  of 
protein  and  fat  (the  so-called  proteogenic  and  lipogemc  action  of  insulin)  or  enter 
the  citric  acid  cycle  where  it  is  converted  to  C02  and  H20  and  the  energy  is  u  i  ize 
to  form  ATP.  In  diabetes  mellitus  penetration  into  cells  (see  1  in  above  gu™), 
formation  of  glucosc-6-PO.  ,  conversions  in  the  citric  acid  formation  of 

ATP  are  decreased  and  represent  possible  sites  of  insulin  action  (see  2,  4,  and  3 
above  figure).  (Modified  from  Stadie  (2a,  b).) 

Insofar  as  the  metabolism  of  foodstuffs  is  concerned  the  organism  shifts 
to  fat  utilization  with  the  interruption  of  glucose  catabolism.  In  the  absence 
of  a  protein  intake  and  adequate  carbohydrate  metabolism  negative  bal¬ 
ances  of  cell  nitrogen  develop.  Fat  is  mobilized  and  converted  in  the  hvei 
to  ketone  bodies  which  are  then  utilized  by  cells  for  ™  purposes  v, a 
metabolic  pathways  which  do  not  require  insulin.  They  are  however, 
produced  in  excess  of  the  capacities  of  tissue  utilization  and  renat  exc.etton 

~=  r  ;r  i-sssss.  - 

c«k— ZttZzttixxxzs: 

of  the  fall  ill  pH  by  lowering  the  alveolar  and  arterial  co,  ■ 
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This,  then,  is  the  metabolic  framework  within  which  deficits  of  body 
fluids  develop. 

I.  Losses  of  Water  in  Diabetic  Acidosis  and  Coma 

Review  of  the  clinical  history  of  patients  with  this  complication  of  dia¬ 
betes  reveals  a  high  incidence  of  anorexia  and  vomiting  (5a-e).  In  one  of 
these  series  (5a)  at  least  three-quarters  ol  the  patients  gave  such  a  histoiy. 
Whether  this  is  a  manifestation  of,  or  leads  to,  ketosis  or  acidosis  is  often 
difficult  to  determine.  The  end  result  is  the  same:  interference  with  an 
adequate  intake  of  water.  In  the  face  of  this,  body  water  is  lost  in  vomitus 
and  its  usual  rate  of  loss  via  urine  and  via  the  lungs  is  accelerated  by  virtue 
of  glycosuria  and  Kussmaul  overbreathing,  respectively.  As  a  consequence 
a  net  deficit  of  body  water  develops,  accompanied  as  will  be  seen  in  the  sec¬ 
tions  which  follow,  by  deficits  of  body  sodium  and  potassium. 

II  .  Losses  of  Sodium  in  Diabetic  Acidosis 

Sodium  and  chloride  depletion  is  frequently  present  upon  admission. 
This  is  attributable  in  some  measure  to  losses  in  vomitus  (fig.  15-2).  It  is 


IMO  i-'enpneroi  vOSCulor  cdlopst 


Fig.  15-2.  Relation  of  Hypochloremia  to  Peripheral  Vascular 

Collapse 

Sixty-five  per  cent  of  the  patients  with  a  concentration  of  serum  chloride  on  ad 
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also  likely  that  this  negative  balance  is  increased  as  a  result  of  a  continued 
urinary  output  of  these  two  electrolytes.  Though  data  on  this  point  are  not 
conclusive,  it  is  probable  that  the  usual  conservation  of  sodium  and  chloride 
by  the  kidney  in  the  face  of  an  inadequate  intake  or  deficiency  of  this  ion 
is  compromised  by  the  glucose  diuresis  (6a-g).  This  appears  to  be  true  even 
though  such  patients  or  experimental  subjects  show  other  evidences  of 
increased  adrenocortical  activity  such  as  eosinopenia  and  increased  amounts 
of  17-ketosteroids  and  glycogenic  corticoids  in  the  urine  (7a-f). 

The  sodium  deficits,  accompanied  by  chloride  and  water  losses,  under¬ 
standably  reduce  the  circulating  plasma  volume.  The  cardiac  output, 
blood  pressure,  circulation  time,  and  renal  blood  flow  are  adversely  affected, 
and  circulatory  collapse  with  or  without  acute  tubular  damage  of  the  lower 
nephron  nephrosis  type  may  develop  (5a,  8a-g). 


III.  Losses  of  Body  Potassium 

Without  exception  patients  in  acidosis  or  coma  are  in  negative  potassium 
balance.  They  have  all  been  deprived  of  an  adequate  intake  during  periods 
of  time  when  renal  and  extrarenal  losses  of  this  electrolyte  are  increased. 
The  relatively  high  potassium  content  of  gastrointestinal  fluids  accounts 
for  the  latter  (6c,  e,  9a-c)  whereas  increased  urinary  loss  in  a  patient  under 
stress  is  the  final  common  pathway  by  which  both  extracellular  and  cell 
potassium  are  lost.  The  following  processes  contribute  to  the  losses  oi 
cell  potassium  (10):  a)  deglycogenation  releases  potassium  deposited  in 
the  liver,  b)  negative  cell  protein  balances  as  a  consequence  of  starvation 
and  increased  gluconeogenesis  contribute  another  fraction  of  potassium, 
C)  dehydration  evokes  a  transfer  of  cell  potassium  to  the  extracellular 
fluid,  and  d)  interruption  of  carbohydrate  metabolism  interferes  w,th  the 
energy  conversions  which  serve  to  keep  potassium  inside  of  cells.  1  hese 
events  have  been  discussed  in  detail  in  chapters  0  and  7. 

IV  The  Blood  and  Serum  Solutes  and  Electrolytes  Prior  to  Therapy 

In  the  early  phases  water  is  transferred  from  cells  to  the  extracellular 
fluid  in  response  to  the  increased  osmotic  pressure  exerted  by  glucose.  Sub- 

pretreatment  period  will  obviously 
Influence  the  solute  pattern.  Certain  genera,  statements  can  however  be 

made.  ,  •  rpu  •  Rfpmg  ip  part  from  diminished 

Most  of  the  patients  have  azotemia. u™"Sffi1"eP„cy  with  or  without 

clearance  of  urea  on  t  ic  >asis  ^  remembered  that  the  break- 

IC  of2 body' protein  occurring  in  diabetic  coma  also  presents  a  greater 
nitrogen  load  for  urinary  excretion. 
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The  anion  pattern  is  characterized  by  marked  reduction  in  serum  bi¬ 
carbonate  as  a  consequence  of  increased  ketone  bodies;  in  some  instances 
diminished  urinary  function  may  produce  rises  in  other  components 
of  the  “x”  portion  of  the  Gamble  diagram  while  in  others  a  lowering  of 
serum  cations  may  be  a  contributory  factor;  pH  measurements  indicate 
this  to  be  a  metabolic  acidosis.  The  chloride  levels  are  usually  lowered, 
though  a  concomitant  deficit  of  water  can  mask  the  effects  of  chloride  loss 
in  vomitus;  serum  proteins  may  be  elevated,  again  because  of  the  water 
deficit  ;  serum  inorganic  phosphorus  is  usually  normal  or  elevated. 

Of  the  cations,  sodium  levels  are  often  decreased  as  a  reflection  of  nega¬ 
tive  balances  of  extracellular  sodium  which  develop.  The  concentration  of 
potassium  in  serum  is  usually  somewhat  increased;  this  is  marked  in  oliguric 
patients,  but  may  be  absent  or  an  actual  hypokalemia  may  appear  in 
patients  with  marked  diuresis,  especially  in  children  (lla-k).  No  sig¬ 
nificant  changes  have  been  described  in  the  total  serum  calcium  levels  nor 
are  any  data  available  concerning  the  ionized  fraction.  Some  of  the  patients 
have  been  found  to  have  increased  levels  of  serum  magnesium  (12a-c). 
Illustrative  examples  of  some  of  these  changes  are  shown  in  figures  15-3 
and  15-4. 


V.  Therapy  of  Diabetic  Acidosis  and  Coma 

The  fundamental  problems  to  be  solved  include:  restoration  of  carbo¬ 
hydrate  metabolism  to  normal,  treatment  of  circulatory  collapse,  and  cor¬ 
rection  of  water  and  electrolyte  disturbances. 


A.  Restoration  of  Carbohydrate  Metabolism 

The  sine  qua  non  for  resumption  or  acceleration  of  carbohydrate  metabo¬ 
lism  is  insulin.  T  his  should  be  given  promptly  if  possible,  even  before  the 
patient  is  sent  to  the  hospital;  quick  acting  insulin  should  be  used  exclu- 
si\ely  and  in  adequate  dosage.  In  the  initial  phase  of  treatment  at  least 
some  of  it  ought  to  be  given  intravenously  to  eliminate  the  delay  due  to  ab¬ 
sorption.  Experience  with  both  children  and  adults  indicates  that  most 
but  not  all  cases  of  severe  acidosis  or  coma  should  receive  100  or  50  units 
of  crystalline  insulin  on  admission  with  50  to  30  units  each  hour  for  the 
hrst  four  to  six  hours  of  therapy  (Ilf,  g,  13a-e).  Thereafter,  the  levels  of 
b  00d  sugar,  of  bicarbonate  in  blood,  and  of  ketone  bodies  in  urine  or  in 
blood  determine  the  dosage.  Usually,  the  interval  between  injections  is 

s2'n  ‘"if  n0Sage  reduced-  The  experience  indicates  that  this 
'.he  first  241 iTs^a)  “  ‘  ***  inSUHn  d°^e  of  200  units  in 

Such  a  program  will  permit  prompt  restoration  of  the  depleted  liver  gly- 
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Fig  15-3  Serum  Solutes  in  Diabetic  Acidosis  or  Coma  Prior  to  Treatment 
The  broken  line  identifies  the  mean  values,  ±2  S.D.  found  in  determinations  of  the 

above  normal.  (Danowski  et  at.,  unpublished  data.) 

cogen  stores  to  normal  and  thereby  decrease  the  production  of  ketone 
bodies  (13f-j). 

B.  Treatment  of  Circulatory  Collapse 

At  the  same  time  the  first  insulin  is  given,  or  as  promptly  thereafter  as 

possible,  the  patients  should  receivejt'hole^Uood^  plasma 

statutes  in  treatment  of  '  •  ,  ,  There  are  two  reasons 

rStSfiTinnthis  way  an  patents  who  have  circulatory  col- 
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Fig.  15-4.  Serum  K  in  Diabetic  Acidosis 

This  figure  illustrates  the  relationship  between  serum  potassium  concentrations 
and  whole  blood  NPN  in  48  consecutive  patients  with  diabetic  acidosis  prior  to  ther¬ 
apy.  The  upper  limit  of  normal  for  NPN  is  indicated  by  the  horizontal  line  through 
38  mg.  per  cent  and  for  potassium  by  the  vertical  lines.  The  number  of  cases  in  each 
category  is  depicted  by  the  number  inside  the  figure.  The  poor  correlation  of  NPN 
and  potassium  is  clear,  but  no  patient  with  a  high  potassium  level  had  a  normal  NPN. 
Serum  potassium  values  were  normal  in  the  majority  of  the  subjects,  but  NPN  con¬ 
centrations  were  elevated.  Note  the  wide  scatter  of  potassium  in  the  children  who  had 
not  received  previous  insulin.  (Danowski  et  at.,  unpublished  data.) 

lapse  will  be  treated  promptly  whereas  the  others  will  not  be  harmed; 
second,  the  treatment  of  dehydration  by  replacement  of  water  and  electro¬ 
lyte  deficits  is  slow  and  the  restitution  of  circulatory  efficiency  is  incomplete. 
I  he  use  of  these  colloid  agents  provides  prompt  treatment  of  the  diminished 

plasma  volume  and  actually  improves  the  response  to  saline  when  it  is 
started  (14a-b). 


C.  Correction  of  Water  and  Electrolyte  Disturbances 


1 .  Use  of  sodium -containing 

cits  of  water,  sodium  and  chloride 


solutions,  including  lactate.  The  defi- 
are  corrected  by  infusion  of  0.9  per  cent 
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saline  or  Ringer’s  lactate  during  or  following  the  colloid  administration.  In 
an  adult  some  two  to  four  liters  should  be  given  at  the  rate  of  500  cc.  per 
hour  in  the  course  of  the  first  six  to  12  hours  for  a  total  sodium  chloride  in¬ 
take  of  18  to  30  grams  in  one  day.  This  is  in  keeping  with  the  experience  in 
the  series  of  patients  referred  to  earlier  (13a-e). 

Some  comment  is  necessary  concerning  the  use  of  0.9  per  cent  saline 
since  in  some  clinics  Ringer’s  lactate,  molar  lactate,  or  similar  solutions 
are  employed  (15a-e).  It  is  true  that  0.9  per  cent  saline  is  not  “physiologi¬ 
cal”  in  that  it  has  154  milliequivalents  of  sodium  and  of  chloride  per  liter. 
These  concentrations  are  higher  than  those  present  in  health  and  certainly 
the  proportion  of  sodium  to  chloride  is  not  that  in  body  fluids.  It  is  also 
true  that  sole  reliance  upon  this  solution  for  replacement  purposes  will 
often  produce  undue  elevations  of  the  two  ions  and  that  the  hyperchloremia 
may  prevent  the  prompt  restoration  of  body  bicarbonate  to  normal.  It  is 
to  be  noted  however  that  a  limit  can  be  set  upon  the  volume  of  solution  to 
be  used.  This  permits  quick  replacement  of  body  deficits  ot  sodium  and  of 
chloride  and  partial  replacement  of  body  water.  If  administered  in  appro- 
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a  riSe  can  be  employed  as  an  index  of  the  metabolic  response  to  therapy 
(figure  15-5).  On  the  other  hand  Ringer’s  lactate  or  l/§  molar  lactate  solution 
will  obviate  the  use  of  the  bicarbonate  level  for  this  purpose  and  minimize 
the  replacement  of  chloride.  However,  the  writers  do  not  feel  strongly 
about  this  preference.  As  a  matter  of  fact,  the  lactate  solutions  are  given 
to  some  of  our  severely  ill  patients  in  whom  the  pH  is  markedly  lowered. 
The  work  of  Guest  and  his  collaborators  indicates  that  in  such  patients  a 
given  amount  of  insulin  will  prove  more  effective  in  disposing  of  glucose 
when  the  acidosis  has  been  corrected  (15f,  g). 

It  should  be  mentioned  that  in  pediatric  practice  solutions  which  contain 
sodium,  chloride,  potassium,  and  metabolizable  anion  in  concentrations 
which  would  render  the  total  solution  hypotonic  if  they  were  not  dissolved 
in  5  per  cent  glucose,  are  often  used.  This  is  discussed  in  chapter  20  and  the 
solutions  are  described  in  chapter  24. 

2.  Role  of  aqueous  solutions  of  glucose  and  other  monosac¬ 
charides.  There  are  two  reasons  for  the  administration  of  glucose  in  water: 
1)  reliance  upon  saline  or  lactate  mixtures  will  not  completely  cancel  the 
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It  should  be  noted  that  in  these  11  children  p retro 


dren  pretreatment  levels  were  low,  normal, 
ministration  of  saline  and  insulin.  In  adults 
levated.  (From  Danowski  et  al.  (Ilf).) 
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deficits  of  water  whereas  the  injection  of  glucose  in  water  is  ultimately  the 
same  as  giving  pure  water,  and  2)  the  administration  of  glucose,  once  the 
blood  sugar  has  begun  to  fall,  accelerates  the  utilization  of  carbohydrate, 
minimizes  negative  balances  of  nitrogen,  and  prevents  hypoglycemia.  This 
point  of  view  has  been  discussed  in  detail  by  others  elsewhere  (10a-l). 

Recently  the  possible  usefulness  in  this  regard  of  fructose,  which  does 
not  require  insulin  for  entry  into  the  glycolyte  cycle,  has  been  studied.  It 
has  been  found  that  the  administration  of  fructose  to  diabetic  patients 
results  in  a  definite  though  limited  increase  in  carbohydrate  utilization 
without  increase  in  insulin  requirement  (lfim-o). 

A  word  of  caution  concerning  the  route  of  administration  of  the  glucose 
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Fig.  15-8.  Body  Fluid  Disturbances  in  Diabetic  Coma.  Serum  Concentration: 
High  Potassium,  Low  Sodium,  Low  Carbon  Dioxide 

Clinical  data  and  diagnosis.  D.  C.,  a  16-year-old  female  in  diabetic  acidosis  and 
coma,  was  treated  with  insulin  and  saline  solutions,  followed  by  milk  diet  plus  potas¬ 
sium  chloride  by  mouth,  leading  to  positive  potassium  balance. 

Interpretation  of  serum  concentration  at  start  of  day  one:  Body  fluid  pattern: 
extracellular  deficit  of  sodium  and  chloride  without  diminution  of  volume  of  water 

of  notZinL  Gt?rS  f  8plnTg  bicarbona,e  (^tabolic  acidosis) ;  intracellular  deficit 
of  potassium  with  extracellular  excess  of  that  ion  (hyperkalemia) 

Phystologic  mechanisms:  Sodium  lost  in  urine  as  base  associated  with  ketone  acids 

and  to  some  extent  ost  in  vomitus.  Potassium  lost  from  intracellular  phase  owing  to 

changes  in  carbohydrate  metabolism,  starvation  and  low  potassium  intakTAccumu 

lation  of  potassium,  in  extracellular  fluid  as  renal  excretion  became  inadequate  The 

crZd  anT10n  °m  hyperkalemia  to  hypokalemia  during  day  one  was  due  to  in 
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or  fructose  solution  is  in  order.  It  should  not  be  given  subcutaneously,  since 
the  pooling  of  this  nonelectrolyte  solution  in  the  tissue  spaces  temporarily 
abstracts  extracellular  electrolytes  (17).  If  this  is  superimposed  on  pre-exist¬ 
ing  sodium  and  chloride  deficits,  salt  depletion  shock  can  be  precipitated. 
Hence,  either  the  deficits  should  first  be  made  up  or  the  solution  should  be 
given  slowly  by  vein. 

3.  Use  of  potassium  salts.  The  replacement  of  body  potassium  should 
be  started  several  hours  following  admission  when  it  is  certain  that  the 
urine  output  is  adequate  and  that  hyperkalemia  is  not  present.  This 
usually  coincides  with  the  beginning  of  a  drop  in  the  blood  sugar  level.  The 
potassium  must  be  given  intravenously.  The  chloride  or  buffered  phosphate 
salt  can  be  used  in  concentrations  of  20  to  GO  milliequivalents  per  liter  in 
five  per  cent  glucose  or  0.9  per  cent  saline.  Approximately  500  cc.  of  such  a 
solution  can  be  given  with  safety,  as  has  been  stated,  if  urine  flow  is  good 
and  potassium  levels  in  blood  are  normal  or  low.  The  appearance  of  peaking 
of  the  T  wave  in  lead  II  of  the  electrocardiogram  can  be  used  as  a  danger 
sign  of  rising  potassium  concentrations,  if  determination  of  potassium  levels 
by  means  of  flame  photometry  is  not  readily  available.  The  amount  given 


Patient : 

Blood  or 
serum 
cone. 

Therapy 

Sodium 


R.G.,  39  d  W 

>  700  mq.%  - 

7  mM./l.  - 

i 


Diabetic  acidosis 


Blood  sugar 
Serum  CO2 
Serum  K 


1500ml. 

1000 

1000 

1500  (c  5 %  g  1 . ) 

200  mg.% 
19  mM./l. 
3.9  mEq.A 

i 


Alkali 

Potassium 

Glucose 


500  ^  No  loot. 


600  0.6%  KC I 


1000  5%gl|  1000  5%gl 


Fluid  s 
P.o. 


0  3  6 

H°UrS  Fig.  15-9.  Tyimcai.  Course  or  Treatment  or  Diabetic  Ac.i.osis 
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bv  vein  need  not  be  the  total  replacement  dosage,  since  after  100  milliequiv- 
aients  equal  to  some  7.5  grams  of  potassium  chloride,  the  patient  can 
usually  be  started  on  an  oral  intake  of  foodstuffs  which  contain  this  ion.  hoi 
detailed  description  of  available  solutions  see  table  24-11 1. 


YI.  Changes  in  Blood 


and  Serum  Solutes  During  treatment 
Diabetic  Acidosis 


of 


The  more  or  less  characteristic  electrolyte  patterns  present  on  the  ad¬ 
mission  of  acidosis  and  coma  patients  have  been  described  earlier.  Figures 
15-5  through  15-7  show  a  series  of  patients,  children  as  well  as  adults,  in  the 
early  hours  of  treatment.  It  is  to  be  noted  that  for  purposes  of  showing 
recovery  changes  none  of  these  patients  received  either  lactate  or  potas¬ 
sium. 

It  can  be  readily  seen  that  with  therapy  the  bicarbonate  rises  slowly, 
while  potassium  and  phosphate  concentrations  fall  (figures  15-5,  15-6,  and 
15-7).  Though  not  shown  graphically,  the  sodium  and  chloride  levels  move 
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Fio.  15-10.  Treatment  of  DrARET.c  Acidosis  Complicated  by  Hypoglycemia  and 

Subsequent  Death 

Inadequate  intake  of  carbohydrate  from  the  15th  to  28th  hour  resulted  in  hvno 

5„^miCf  Shocki  Mrlal  COnfusion  and  hemiparesis  indicated  central  nervous  system 
‘  age  from  which  the  patient  never  recovered.  (Unpublished  case  study-J  R  E  ) 
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Fig.  15-11.  Treatment  of  Diabetic  Acidosis  Complicated  by  Hypokalemia  and 

Death 

Sudden  respiratory  failure  at  16th  hour  may  have  been  due  to  potassium  deficiency; 
patient  had  received  an  unusually  large  amount  of  sodium  ion  (876  mEq.)  and  only  60 
mEq  of  potassium  as  KC1.  Electrocardiographic  tracings  were  characteristic  of 
severe  potassium  deficiency  (see  next  fig.).  In  addition  insulin  therapy  from  the  5th 
to  11th  hour  was  inadequate.  (Unpublished  case  study— J.  R.  E.) 


upward  to  or  above  normal.  The  over-all  responses  are  summarized  in 
figures  15-8  to  15-12  as  well  as  in  an  example  in  chapter  11  as  figure  11-11. 

VII.  Should  Other  Body  Components  Be  Restored? 

It  is  known  that  body  stores  of  at  least  two  other  electrolytes,  phosphorus 
and  magnesium,  become  depleted  in  diabetic  coma  and  it  has  repeatec  y 
been  noted,  as  shown  above,  t  hat  serum  inorganic  phosphorus  falls  marke  > 
during  the  treatment  (18a-d).  Up  to  this  point  there  is  no  evidence  to  indi¬ 
cate  that  this  depletion  produces  untoward  symptoms  or  that  replacement 
“‘  artificial  solutions  is  beneficial.  Hence,  refuge  is  taken  in  the  principe 
of  “nothing  harmful”  and  phosphate  is  given  in  the  form  of  potassium  salt 
while  magneshim  is  withheld,  since  undue  levels  of  the  latter  produce  res- 

es  other  than  electrolytes  and 
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Time  -  hours  5  10  16 

Fig.  15-12.  Electrocardiographic  Tracings  Indicating  Severe  Potassium 

Deficiency  in  Diabetic  Acidosis 

From  the  case  illustrated  in  the  preceding  figure. 


water  develop  during  coma  or  therapy  of  coma,  but  as  yet  there  is  no  evi¬ 
dence  to  justify  the  further  complication  of  an  already  complex  therapeutic 
program.  The  goal  of  choice  should  be  the  prompt  restoration  of  intake  to 
the  point  of  a  full  diet  as  soon  as  it  can  be  tolerated.  This  will  permit  can¬ 
cellation  of  unidentified  deficiencies. 


Summary:  Diabetic  ketosis  and  coma  arise  as  a  result  of  inadequate 
insulin  secretion,  failure  to  take  insulin,  increased  food  intake,  decreased 
exercise,  or  infection.  It  is  characterized  by  inadequate  combustion  of  car¬ 
bohydrate  and  increased  protein  and  fat  catabolism. 

The  diagnosis  is  based  on  a  history  of  diabetes  mellitus  and  the  presence 
of  confusion  or  coma,  hyperventilation  (Kussmaul  breathing),  ketonuria 
and/or  ketonemia,  glycosuria  and  hyperglycemia,  low  serum  C02  and  buffer 
base,  low  blood  pH,  hypotension  and  tachycardia. 

Fluid  disturbances  present  in  diabetic  acidosis  include  sodium  depletion, 
dehydration,  peripheral  vascular  collapse,  metabolic  acidosis  (loss  of 
sodium  plus  increase  in  ketone  acids),  potassium  deficit  in  cells  and  excess 
in  extracellular  fluid. 


Therapy  may  be  summarized  as  follows:  insulin  100  units  I.V.  stat  and 
repeat  in  100  or  50  unit  doses  until  ketosis  abates,  0.9  %  NaCl,  2  to  4  liters, 
FV.  or  S.C.;  blood  plasma  or  blood  substitute  for  hypotension  and  incipient 
shock;  5  per  cent  glucose  I.Y.  1  to  3  liters  6th  to  24th  hour  after  insulin 
started  (to  help  clear  ketonuria  and  protect  against  hypoglycemia)*  0  6 

rO  mFo  /I?  I/riUte|rafter,Gth  hour  if  serum  K  concentration  less  than 
3.0  mEq./liter,  ECG  indicates  hypokalemia,  or  respiratory  paralysis  ensues 
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Chapter  16 

FAMILIAL  PERIODIC  PARALYSIS 


This  rare  disease  entity  is  deserving  of  discussion  because  it  illustrates 
the  limited  nature  of  our  knowledge  concerning  potassium  metabolism. 
Clinically  it  is  characterized  by  episodes  of  weakness  and  inability  to  move 
the  voluntary  muscles  with  a  diminished  or  absent  response  to  galvanic 
and  faradic  stimulation.  Rarely  this  is  also  accompanied  by  respiratory 
paralysis,  presumably  related  to  loss  of  motion  of  the  diaphragm  (la-c). 

As  long  ago  as  1901  it  was  recognized  that  potassium  salts  were  beneficial 
in  the  therapy  of  periodic  paralysis  (2a,  b).  The  possibility  that  changes  in 
the  patient’s  own  potassium  stores  might  be  related  to  or  responsible  for 
the  paralytic  episodes  was  first  documented  some  two  decades  ago  with  re¬ 
ports  that  the  serum  levels  of  this  ion  were  decreased  during  the  attacks 
(3a-c).  Subsequent  studies  have  defined  more  precisely  the  events  which 
result  in  hypokalemia.  These  have  been  facilitated  by  the  fact  that  episodes 
of  paralysis  may  be  produced  in  such  patients  by  the  administration  of  glu¬ 
cose,  insulin,  or  epinephrine,  alone  or  in  combination,  and  that  they  are 
known  to  follow  a  large  intake  of  food  (lc,  3b,  c,  4a-c). 


I.  Origin  of  the  Hypokalemia  in  Periodic  Paralysis 

A.  Minimal  Role  of  Urinary  Losses 

It  has  been  observed  that  the  “spontaneous”  attacks  tend  to  occur  more 
frequentlyTn  the  early  morning  hours  (5).  It  is  known  of  course  that  urinary 
3 'of  potassium  continue  during  the  postabsorptive  period  while  the  pa- 
Hent  is  asleep  though  at  a  rate  lower  than  that  characteristic  of  the  day- 
tim'e  period  (6).  It  is  possible  therefore  that  this  period  of  fasting  and  of 

potassium  loss  makes  the  LT^i  ^served 

tooccur'in  most" but ‘not  all  instances  of  paralysis  usually  cannot  be  ascribed 
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Fig.  16-1.  Cumulative  Exchanges  of  Potassium  during  the  Induction  and 
Treatment  of  an  Attack  of  Periodic  Paralysis 


Changes  in  extracellular  potassium  and  intracellular  potassium  in  excess  of  nitro¬ 
gen  are  shown.  The  negative  ones  are  solid  black;  the  positive  ones  are  lined  verti¬ 
cally.  The  concentration  of  potassium  in  serum  is  plotted  with  open  circles.  The 
change  in  intracellular  sodium  is  plotted  with  a  broken  line.  The  presence  of  paralvsis 
is  indicated  by  a  solid  black  triangle  at  the  bottom  of  the  figure. 

The  data  indicate  that  during  the  actual  onset  of  paralysis,  potassium  moved  from 
the  extracellular  to  the  intracellular  phase.  During  treatment  with  KC1  a  positive 
balance  of  intracellular  potassium  was  built  up  before  the  extracellular  deficit  was 
overcome.  I  he  change  in  cell  sodium  showed  an  inverse  relationship  to  that  of  cell 
potassium.  (From  Danowski  et  al.  (7a).) 

to  urinary  losses  of  the  ion.  As  a  matter  of  fact,  in  the  interval  immediately 
preceding  the  seizure  the  urinary  excretion  of  this  electrolyte  (fig  16-1) 
may  actually  decline  (7a,  b). 

In  some  of  the  reported  studies,  however,  n  significant  urinary  excretion 
of  potassium  did  continue  prior  to  and  during  the  attack  and  undoubtedly 
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contributed  to  the  net  deficit  of  extracellular  potassium.  In  one  other  pa¬ 
tient  an  attack  followed  upon  the  ingestion  of  water  which  induced  a  diure¬ 
sis  and  significant  losses  of  potassium  via  this  route  (8).  Despite  this  ob¬ 
servation  the  hypokalemia  still  appears  to  result  in  great  measure  from 
transfers  of  extracellular  potassium  to  other  sites  in  the  body,  and  pre¬ 
sumably  into  cells. 

B.  Role  of  Transfers  into  Cells 

In  the  case  of  attacks  induced  by  increased  carbohydrate  metabolism, 
such  as  that  which  follows  insulin  or  carbohydrate  administration,  at  least 
part  of  this  transfer  can  be  attributed  to  deposition  of  potassium  in  the 
liver  during  the  formation  of  glycogen  or  to  entry  within  cells  during  gly¬ 
colysis.  It  has  long  been  known  that  glycogenation  and  glycolysis  involve 
such  transfers  of  potassium  (9a-e).  On  the  other  hand  serial  measurements 
of  potassium  levels  during  the  disposal  of  glucose  loads  indicate  that  potas¬ 
sium  may  or  may  not  decrease  (9f).  This  contrasts  with  the  much  greater 
tendency  for  a  drop  to  occur  during  insulin  tolerances  (9g)  and  points  to  a 
possible  factor  in  the  genesis  of  periodic  paralysis.  This  could  take  the  form 
of  a  transfer  of  potassium  greater  than  normal  occurring  during  the  disposal 
of  exogenous  glucose  or  in  response  to  insulin. 

II.  Relation  of  Serum  Potassium  Levels  to  Episodes  of  Paralysis 


A  number  of  observations  indicate  that  even  though  hypokalemia  is  a 
frequent  concomitant  of  paralytic  attacks  in  this  disease  entity,  it  need  not 
be  present  or  it  may  be  quite  minimal  (lOa-c).  In  addition  it  has  been  noted 
that  comparable  degrees  of  hypokalemia  occur  frequently  in  other  disease 
states  with  muscle  paralysis  only  rarely  present  (lla-d).  Conversely,  pa¬ 
ralysis  has  been  encountered  in  association  with  hyperkalemia  (12a-b). 

A.  Redistribution  or  Ionization  of  Potassium  in  the  Genesis  of  Paralysis 
The  Question  then  logically  arises  as  to  whether  it  is  the  gain  of  potassium 


Significant  transfers  of  potassium  are  known 
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stimulation,  discharge,  and  recovery  in  all  three  of  these  sites  (14).  In 
addition  to  the  clinically  obvious  disturbance  of  skeletal  muscles,  t  he  at¬ 
tacks  are  characterized  by  changes  in  the  electrocardiogram  consisting  of 
the  so-called  prolongation  of  the  Q-T  interval  and  a  depression  of  the  S  f 
segment  and  the  T  wave.  Such  changes  are  also  encountered  in  patients 
with  low  serum  potassium  of  other  causes  (15a-c)  (see  fig.  1  5-12).  The 
studies  of  Surawicz  and  Lepeschkin  (15d)  indicating  that  the  Q1  change 
is  often  art ef actual  and  related  to  the  presence  of  a  U  wave,  have  already 
been  mentioned  in  chapter  /.  It  should  be  pointed  out  that  hcie  too  theie 
is  no  constant  level  at  which  electrocardiographic  changes  invariably  ap¬ 
pear,  and  as  a  matter  of  fact  they  may  be  absent  despite  a  pronounced 
hypokalemia. 

Finally,  if  it  is  not  the  absolute  level  of  extracellular  potassium  or  the 
ratio  of  extracellular  to  cellular  potassium  that  determines  the  onset  of 
paralysis,  perhaps  it  is  the  absolute  amount  of  ionized  cell  potassium.  The 
work  of  Jantz  suggests  this  possibility,  since  in  a  large  number  of  attacks 
he  found  that  the  ultrafiltrable  potassium  of  tissues,  but  not  of  plasma,  was 
reduced  during  attacks  (16a-c).  Our  studies  on  the  other  hand  indicated 
increases  in  osmotically  active  cell  base  (7a). 


III.  Factors  Other  than  Potassium  in  Periodic  Paralysis 

A.  Creatinuria 

It  has  been  noted  that  creatinuria  may  be  present  between  attacks  of 
paralysis  (17a).  Ordinarily  urinary  creatine  output  is  essentially  zero  in 
healthy  adult  males,  whereas  creatinuria  appears  in  wasting  diseases  of 
muscles  such  as  muscular  dystrophy  and  in  thyrotoxicosis  (17b,  c).  It  is  of 
course  regularly  present  in  children  and  in  healthy  young  adult  women 
(17d,  e).  There  are  no  clues  as  to  the  genesis  of  the  creatinuria  in  these  pa¬ 
tients  but  its  occurrence  suggests  that  the  muscles  may  be  unable  to  accept 
all  of  the  creatine  provided  to  them  for  incorporation  into  creatine-phos¬ 
phate  complexes. 


B.  Hypophosphatemia 

Several  observers  have  reported  that  the  induction  of  paralytic  attacks 
by  means  of  glucose  or  insulin  also  lowers  the  serum  inorganic  phosphorus 
values  (18a).  This  is  not  surprising  in  view  of  the  fact  that  increased  carbo- 
lydrate  metabolism  following  glucose  or  insulin  invariably  lowers  the  plios- 

phorus  levels  in  healthy  subjects  (9f,  18b).  Hence  such  changes  need  not 
represent  a  specific  defect  in  periodic  paralysis  and  may  he  nothing  more 
than  the  usual  responses  to  t  hese  substances. 
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C.  Possible  Pole  of  Other  Electrolytes 

Finally,  some  statement  is  in  order  concerning  the  possible  importance 
of  conditioning  factors  in  the  production  of  clinical  manifestations  in  this 
entity.  It  is  known  for  example  that  hypokalemia  suppresses  hypocalcemic 
tetany  (19a-d)  and  that  calcium  is  an  antidote  for  cardiac  standstill  pro¬ 
duced  by  excessive  levels  of  potassium  (19e).  In  one  of  the  studies  (3b)  it 
was  noted  that  alkalosis,  which  alters  the  ionization  of  calcium,  modified 
the  characteristic  pattern  of  attacks  of  paralysis.  These  fragmentary  and 
unrelated  data  suggest  that,  though  potassium  plays  a  definite  role  in  peri¬ 
odic  paralysis,  the  entity  cannot  be  explained  solely  in  terms  of  our  current 
knowledge  of  this  ion.  Studies  suggesting  that  the  injection  of  potassium 
during  an  attack  relieved  the  seizure,  even  though  the  circulation  of  the 
involved  extremities  was  segregated  by  means  of  tourniquets  (17a),  further 
complicate  definition  of  this  relationship.  Failure  to  duplicate  this  effect  in 
similar  clinical  experiments  may  or  may  not  resolve  this  particular  dilemma 
(7b,  20). 


IV.  Therapy 

The  clinical  manifestations  of  the  disease  disappear  promptly  following 
oral  (one  to  eight  grams)  or  injected  (one  to  two  grams)  potassium  chloride 
(fig.  16-1).  This  is  usually  true  of  the  electrocardiographic  changes  but  at 
times  these  may  persist  beyond  the  disappearance  of  the  paralysis.  Potas¬ 
sium  chloride  can  be  administered  prophylactically,  two  to  four  grams  each 

day. 


Summary:  This  relatively  infrequent  clinical  disturbance  of  potassium 
metabolism  illustrates  that  abrupt  removal  of  extracellular  potassium  by 
transfers  of  this  electrolyte  into  nonextracellular  sites  (usually  without  in¬ 
creased  urinary  excretion)  can  precipitate  paralysis  of  st  riated  musculature. 
Though  such  transfers  occur  spontaneously,  they  can  also  be  induced  by 
carbohydrate  and  insulin,  alone  or  in  combination.  It  is  probable  that  in 
such  circumstances  the  well-established  deposition  of  potassium  during 
glycogen  formation  and  the  entry  of  potassium  into  cells  during  g  yoo  \  sis 
play  a  role.  Unanswered  questions  point  to  limitations  of  our  knowledge 
of  potassium  with  respect  to  neural  and  muscular  function:  why  do  paia  y 
ses  also  occur  without  decreases  in  serum  potassium  or  with  acta.  mere** , 
does  the  ionization  of  cell  potassium  decrease  during  such  attacked 
electrolytes  condition  the  appearance  of  weakness  and  paralyse 
spective  of  the  answers  to  these  questions  treatment  is  the  same  and  c 
jsts  of  the  prophylactic  or  therapeutic  administration  of  potassium  sal  - 
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per  os  or  by  vein  in  amounts  sufficient  to  prevent  or  cancel  paralytic  at¬ 
tacks,  i.e.,  one  to  several  grams. 
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Chapter  1  7 


WATER  AND  ELECTROLYTE  CHANGES  IN 
RELATION  TO  THE  ANTERIOR  PITUITARY, 
THYROID,  GONADS,  AND  THE  PAN¬ 
CREATIC  ISLETS 


Experimental  and  clinical  observations  point  to  sodium,  chloride,  potas¬ 
sium  and  water  effects  related  to  the  physiology  or  pathology  of  several  of 
the  endocrines.  The  roles  of  the  anterior  pituitary,  the  thyroid,  the  islets  of 
Langerhans,  and  the  gonads  in  such  exchanges  are  discussed  in  this  chapter. 
The  well-documented  electrolyte  changes  produced  by  altered  adrenocor¬ 
tical  activity  are  taken  up  separately  in  the  chapter  which  follows. 


I.  The  Anterior  Pituitary 

One-half  of  the  cells  of  the  adult  anterior  pituitary  are  thought  to  be 
non-endocrine.  These  have  been  named  chromophobes  because  they  stain 
poorly.  Another  45  per  cent  of  the  cells  are  eosinophilic,  while  the  remaining 
five  per  cent  have  basophilic  properties  (la-c).  The  eosinophils  and  baso¬ 
phils  elaborate  proteins  and  polypeptides  which  in  general  can  be  saic  u 
influence,  directly  or  indirectly,  the  metabolic  activities  of  body  tissues  as 
a  whole  and  of  certain  organs  or  their  products  in  particular  including 
'the  mammary  glands,  the  thyroid,  the  adrenal  cortex,  the  gonads,  and  the 

^It*  should  be  pointed  out  that  unanimity  is  lacking  concerning  the  cell 
type  "is  the  source  of  the  particular  trophic  hormones  of  the  anterior 
pituitary  Hence,  the  relationships  which  are  presented  in  the  sections  which 
follow  should  be  viewed  as  indicative  of  particular  anterior 
Without  too  much  regard  for  the  staining  properties  of  the  cell.  b 
to  be  involved  in  the  production  of  these  hormones.  However,  m  confoi  - 
ance  S  usual  practice,  the  current  views  concerning  the  roles  of  the 
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pituitary  cell  types  will  be  voiced  as  a  frame  of  reference  for  the  known 
interrelations. 

A.  The  Functions  of  the  Eosinophil  Cells 

The  clinical  observation  that  patients  with  giantism  and  acromegaly 
have  adenomata  of  eosinophil  cells  suggests  that  these  are  the  probable 
source  of  the  growth  factor  which  has  been  isolated  from  the  anterior 
pituitary  and  which  restores  weight  gain  and  development  in  immature 
hypophysectomized  mice  or  rats  (2a,  b).  Until  very  recently  it  has  been 
impossible  to  separate  this  effect  and  an  associated  diabetogenic  action  of 
crystalline  growth  factor.  Enough  data  are  not  as  yet  available  to  decide 
whether  these  two  properties  of  growth  hormone  represent  two  separate 
chemical  entities  (3a-d).  Hence,  the  view  that  the  eosinophils  also  elaborate 
the  diabetogenic  factor  is  permissible.  Finally,  the  opinion  has  been  ad¬ 
vanced  that  the  eosinophils  also  give  rise  to  thyroid-stimulating  hormone 
and  adrenocorticotrophin  though  most  workers  have  attributed  these  func¬ 
tions  to  the  basophils  (4a,  b). 


B.  Water  and  Electrolyte  Effects  Possibly  Attributable  to  the  Eosinophil  Cells 


The  resumption  of  growth  and  development  in  hypophysectomized  ani¬ 
mals  by  means  of  growth  factor  isolated  from  the  pituitary  as  well  as  its 
growth  effects  on  the  muscles  and  kidneys  and  the  body  fluid  compartments 
of  otherwise  intact  animals  points  to  an  influence  upon  the  metabolism  of 
foodstuffs  and  of  minerals.  The  laying  down  of  new  tissue  involves  of 
necessity  the  incorporation  of  nitrogen,  lipids,  and  sugars  as  well  as  potas¬ 
sium,  phosphorus,  and  other  electrolytes  within  cells  and  an  expansion  of 
other  body  fluid  compartments.  Hence,  in  this  sense  the  growth  factor  can 

be  stated  to  exert  an  influence  on  electrolyte  and  nitrogen  metabolism 
(5a-g). 

Ihe  only  consistent  change  in  serum  or  plasma  electrolytes  known  to 
date  to  accompany  growth  hormone  activity  is  a  rise  in  serum  inorganic 
phosphorus.  This  has  been  found  to  correlate  with  clinical  evidences  of  a 
functioning  eosinophil  adenoma  of  the  pituitary  in  acromegalic  patients 
(6a,  b)  and  may  be  the  basis  for  the  higher  levels  of  inorganic  phosphorus 

iscussed  in  chapter  6,  in  infants  and  in  children  when  compared  to  full 
grown  adults. 


A  number  of  observations  however  block  acceptance  of  the  view  that 
growth  ,s  solely  dependent  on  a  specific  hormone.  Among  these  is  the  fact 
that  m  hypophysectomized  mice  a  long-acting  insulin  will  result  in  some 
resump  ion  of  weight  gain,  that  in  intact  animals  only  transient  changes  in 
sue  and  in  composition  of  tissues  are  induced  by  growth  factor,  and  that 
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in  retarded  children  growth  factor  is  usually  without  benefit  (7a-f).  Hence, 
at  present  it  appears  wisest  to  accept  the  fact  that  ablation  of  the  anterior 
pituitary  interferes  with  growth,  but  that  the  precise  mechanisms  in  this 
disruption  have  not  been  identified. 

The  growth  hormone-diabetogenic  factor  can  produce  diabetes  mellitus 
by  inducing  a  blockade  of  insulin  at  tissue  levels  in  susceptible  species  and 
individuals  (8a-c).  Thereafter,  the  body  fluid  changes  which  accompany 
diabetic  ketosis  and  coma  can  be  elicited.  There  are  no  data  concerning 
possible  water  or  electrolyte  concomitants,  if  any,  of  the  known  discharge 
of  the  alpha  cells  of  the  pancreas  with  a  release  of  the  hyperglycemic  glyco¬ 
genolytic  factor  (glucagon)  upon  first  exposure  to  growth  hormone-dia¬ 
betogenic  factor  (8d-f). 


C.  The  Functions  of  the  Basophilic  Cells 

Studies  of  the  histology  of  the  pituitary  during  overactivity  or  under¬ 
activity  of  the  various  endocrines  have  led  to  the  general  belief  that  these 
cells  elaborate  the  thyrotropic,  adrenocorticotrophic,  gonadotropic,  lacto¬ 
genic  and  possibly  the  melanophore  factors  (9a-h).  Some  workers  have 
suggested  on  the  basis  of  differential  staining  that  certain  of  these  functions 
are  attributable  to  special  groups  of  basophils  (9i),  but  for  all  we  know 
each  cell  may  be  capable  of  elaborating  all  of  these  hormones  (9j)  or  as 
has  already  been  pointed  out  the  eosinphils  may  be  the  manufacturing 
site  for  some  of  these  trophic  hormones. 


D.  Electrolyte  Effects  of  Basophil  Cells 

It  is  obvious  that  increases  or  decreases  in  the  hormonal  output  of  the 
basophils  will  modify  the  activity  of  the  target  endocrine  glands.  1  he  body 
fluid  changes  are  therefore  those  which  are  associated  with  adrenocortical 
overactivity  or  underactivity  as  discussed  in  chapter  18,  or  those  seen  in 
hyperthyroidism  or  hypothyroidism,  and  in  gonadal  dysfunction  as  pre- 
sented  in  Sections  II  and  TIT  of  this  chapter,  respectively. 

E.  Effects  of  Total  Destruction  of  the  Anterior  Pituitary 

r,  ,  .  flpct ruction  of  the  anterior  pitutiary  and  loss  of  the  trophic 
Complete  deS"n  °'  ’,|ldrome  or  in  Simmonds’  disease  or  as  a  con- 
hormones  as  in  Sheeha in  -  *  produce  characteristic  changes  in 

rtaTget  orgls.  The  thyroid,  adrenal,  gonads,  and  mamma, y  glands  all 

diminish  in  size  and  function  decieases  j  0f  destructive  anterior 

It  should  be  pointed  out  however  that  ,  a  i  ot  ^  ^  ^ 

pituitary  lesions  evidences  o  gonm  <>™P  f  adrenocortiea.l  insufficiency 

untU  ve^  Ut«e  thought 
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has  been  given  to  the  possibility  that  destructive  lesions  of  the  anterior 
pituitary  may  alter  electrolyte  metabolism  (lOe-f).  Tt  has  been  generally 
assumed  that  destruction  of  the  anterior  pituitary  by  tumors  has  but 
little  influence  upon  ion  exchanges.  This  view  has  been  abetted  by  the 
demonstration  that  the  rodent  and  the  dog  can  control  sodium,  chloride, 
potassium,  and  water  excretion  under  nonstress  conditions  even  in  the  ab¬ 
sence  of  pituitary  ACTIi  (lOg,  h).  It  appears  probable  that  the  human 
adrenal  cortex  also  responds  to  variations  in  salt  and  potassium  loads  with 
appropriate  adjustments  in  steroid  output  in  the  absence  of  the  anterior 
lobe  of  the  pituitary,  since  salt  depletion  and  potassium  accumulation  of 
the  classical  Addison’s  disease  type  do  not  usually  develop  in  Sheehan’s 
syndrome,  or  Simmonds’  disease,  nor  are  they  seen  with  expanding  lesions 
within  the  sella  turcica.  There  is  evidence  however  that  such  patients  do 
not  respond  to  stress  to  the  same  degree  nor  as  promptly  as  normals  (lOd). 
They  therefore  lack  the  usual  margin  of  safety  and  ultimately  actual  ad¬ 
renocortical  insufficiency  may  appear. 

If  an  antecedent  diabetes  insipidus  is  present  in  an  experimental  or  clinical 
subject,  its  intensity  is  decreased  with  loss  of  the  anterior  pituitary.  In  the 
chapter  dealing  with  diabetes  insipidus  it  is  pointed  out  that  this  ameliora¬ 
tion  merely  reflects  a  decrease  in  solute  load  and  that  the  inability  to  elabo¬ 
rate  a  concentrated  urine  persists. 

If  both  the  anterior  and  posterior  pituitary  are  removed  simultaneously, 
a  transient  diabetes  insipidus  of  about  one  week’s  duration  appears  (lOh). 
thereafter,  a  persistent  decrease  in  renal  blood  flow  and  in  the  clearance  of 
test  substances  is  demonstrable  (lOi-m). 


II.  Thyroid 

It  is  generally  recognized  that  both  hyperthyroidism  and  myxedema 
induce  morphologic  as  well  as  functional  changes  in  the  other  endocrines. 
Hence,  in  speaking  of  electrolyte  and  water  changes  in  these  two  general 
disorders  of  the  thyroid,  it  must  be  kept  in  mind  that  the  end  manifestation 
in  each  instance  represents  a  combination  of  thyroid  dysfunction  and  the 
resultant  involvement  of  the  adrenals,  gonads,  pituitary,  etc. 


A.  Water  and  Electrolyte  Changes  with  Thyroid  Overactivity 

The  increased  energy  exchange  in  thyroid  overactivity  understandably 
raises  the  insensible  loss  of  water  as  well  as  the  rates  of  water  transfer 
through  capillary  membranes  (11a,  b).  Irrespective  of  whether  the  hyper- 
thyroidism  originates  intrinsically  or  in  higher  centers,  body  tissues  are 
catabohzed.  Hence  the  percentage  of  body  water  increases.  No  definitive 
•jtement  can  be  made  concerning  interstitial  fluid,  but  plasma  volume 
measurements  by  means  of  the  dye  or  carbon  monoxide  methods  show  an 
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absolute  increase  (11c,  d).  With  insufficient  intake  negative  balances  of 
nitrogen,  phosphorus,  potassium,  and  calcium  are  incurred.  None  of  these 
changes  produces  any  discernible  alteration  in  the  levels  of  serum  or  blood 
solutes,  save  for  some  lowering  of  the  albumin  levels  (12a-c).  The  ioniza¬ 
tion  of  magnesium  has  however  been  reported  to  be  decreased  (13a-d). 


B.  Electrolyte  and  Water  Changes  with  Hypothyroidism  or  Myxedema 

In  hypothyroidism  and  particularly  in  myxedema  the  total  body  water 
and  interstitial  fluid  are  expanded  both  in  percentage  and  in  absolute  terms 
while  the  plasma  volume  has  been  reported  to  be  decreased  (14a-c).  T  his 
general  excess  of  body  fluids  may  be  evident  clinically  even  though  the 
edema  is  of  a  nonpitting  character.  Its  presence  is  however  readily  deduced 
from  the  diuresis  which  usually  follows  replacement  therapy  with  desic¬ 
cated  thyroid.  The  fluid  which  is  lost  from  the  body  during  such  diuresis 
contains  large  amounts  of  sodium,  potassium  and  nitrogen  (14d).  The 
presence  of  the  first  two  constituents  suggests  that  both  the  interstitial 
and  cellular  compartments  are  expanded  in  myxedema.  The  high  nitrogen 
content  has  been  taken  as  an  indication  that  protein  is  present  in  increased 
amounts  in  the  interstitial  fluid  and  that  this  fact  accounts  for  the  nonpit¬ 
ting  character  of  the  edema  in  myxedema.  Actually  this  has  not  been  estab¬ 
lished  to  be  a  fact  and  perhaps  the  turgidity  of  the  tissues  can  be  more 

rationally  explained  by  cellular  edema. 

In  myxedema  serum  protein  levels  are  usually  raised  representing,  in 

part  at  least,  the  decreased  plasma  volume  (14e);  other  constituents  may 
be  somewhat  abnormal.  The  variable  degrees  of  change  in  the  other  solutes 
suggest  that  they  are  probably  related  to  factors  such  as  mahiut"t'on 
Finally,  the  binding  of  magnesium  to  proteins  becomes  altered  so  that 
of  this  ion  is  readily  ultrafiltrable  (13a-d). 

III.  The  Gonads 

T  y  e  ff;  .  evident  in  events  accompanying  menstruation  and  in 

various  rddlfzhig  syndromes ;  they  can  also  he  elicited  by  the  administration 

rr  r-i ”  “r—L, - — ** «* — 
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the  adrenal  cortex  rather  than  the  ovary  is  the  chief  source  of  the  mineral 

regulating  steroids.  , 

Insofar  as  the  adult  male  and  female  are  concerned  it  is  clear  that  the 

androgen-estrogen  mixture  determines  in  great  measure  the  body  build. 
Thus  in  the  case  of  ovarian  agenesis,  adrenogenital  syndrome,  or  a  mas¬ 
culinizing  tumor  virilization  occurs,  i  his  alters  the  body  pioportions  of 
fat  and  water,  increases  the  muscle  mass,  and  in  certain  instances  converts 
the  serum  carbon  dioxide  and  chloride  concentrations  to  the  male  pattern. 
Though  the  acute  administration  of  androgens  transiently  lowers  extra¬ 
cellular  levels  of  potassium  and  phosphorus  as  nitrogen  is  deposited  in 
cells,  there  is  no  evidence  of  a  persistent  change  in  these  electrolytes  in  the 
masculinization  syndrome  (16a-d). 

IV.  The  Islets  of  Langerlians 

It  has  already  been  indicated  that  the  electrolyte  and  water  effects  of 
glucagon  or  the  hyperglycemic-gljmogenolytic  factor  of  the  alpha  cells,  if 
any,  have  not  been  defined. 

On  the  other  hand  the  intravenous  administration  of  insulin,  the  product 
of  the  beta  cells  which  as  usually  prepared  contains  some  alpha  cell  secre¬ 
tion,  has  long  been  known  to  produce  a  decrease  in  serum  inorganic  phos¬ 
phorus  and  in  potassium  (17a-e).  Recent  studies  in  our  laboratory  indicate 
that  other  electrolytes  may  also  change  (17f).  Thus  0.1  unit  of  insulin 
intravenously  per  kilogram  of  body  weight  induces  marked  electrolyte 
alterations  in  one-half  hour  or  less.  The  potassium,  serum  inorganic  phos¬ 
phorus  and  bicarbonate  levels  all  decline  while  chloride  rises.  These  changes 
are  in  all  probability  indicative  of  ionic  transfers  between  cells  and  extra¬ 
cellular  fluid.  1  hus,  it  appears  as  if  the  entry  of  phosphate  with  glucose 
ultimately  displaces  cell  chloride  which  in  turn  lowers  the  extracellular 
bicarbonate.  The  entry  of  potassium  in  this  process  could  then  be  matched 
either  by  losses  of  cell  sodium  or  by  inactivation  of  cell  base.  On  the  other 
hand  evidence  is  available  indicating  that  if  such  administration  of  insulin 
results  in  glycogen  deposition,  then  this  process  will  by  and  of  itself  remove 
extracellular  potassium  (18a-c). 

The  water  and  electrolyte  effects  of  diabetes  mellitus  which  represents 
an  absolute  or  relative  deficiency  of  beta  cell  secretion  have  been  discussed 
in  chapter  15  which  deals  with  acidosis  and  coma. 


Summary:  I  lie  trophic  hormones  of  the  anterior  pituitary  can  influence 
uater  and  electrolyte  metabolism  either  directly  or  through  target  organs 
Thus,  m  the  hypophysectomized  preparation  growth  hormone  permits 

IndX°",n  8,'°':t.h  and  dep°sition  <’f  Phosphorus,  potassium,  nitron 
o  hi  ,  (  ,  onstituents  in  the  proportions  m  which  they  exist  in  health. 
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Higher  than  normal  levels  of  serum  inorganic  phosphorus  in  the  acro¬ 
megalic  provide  a  good  index  of  excessive  growth  factor  output  by  the 
eosinophil  adenoma.  The  diabetogenic  factor,  closely  associated  with  growth 
hormone  in  current  separation  procedures,  blocks  the  peripheral  action  of 
insulin  in  certain  animals  and  produces  diabetes  mellitus  with  its  possible 
water  and  electrolyte  changes.  Thyroid-stimulating  hormone  elaborated  in 
excess  produces  hyperthyroidism  with  the  attendant  increased  exchanges 
of  water  and  possible  negative  balances  of  nitrogen  and  cell  electrolytes. 
Increased  gonadal  sex  hormone  output  produces  retention  of  nitrogen, 
phosphorus,  potassium  in  addition  to  changes  in  body  build  and  in  second¬ 
ary  sex  features.  In  the  case  of  effects  mediated  through  target  endocrines, 
excesses  of  the  products  of  these  organs  produce  changes  approximating 
those  seen  with  trophic  stimulation.  This  is  true  of  the  thyroid  gland,  the 
gonads,  and  the  pancreatic  islets. 

Deficits  of  anterior  pituitary  secretions  produce  evidences  of  gonado¬ 
trophin  lack  before  indices  of  thyroid-stimulating  factor  or  ACTH  deficiency 

appear.  In  these  instances  the  water  and  electrolyte  effects,  if  any,  are  those 
which  accompany  decreases  or  losses  of  the  target  glands  themselves. 


1.  (a) 

(b) 

(c) 

2.  (a) 
(b) 

3.  (a) 

(b) 

(c) 

(d) 

4.  (a) 
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“The  leading  and  characteristic  features  of  the 
morbid  state  to  which  I  would  direct  attention  are, 
anaemia,  general  languor  and  debility,  remarkable 
feebleness  of  the  heart’s  action,  irritability  of  the 
stomach,  and  a  peculiar  change  of  colour  in  the 
skin,  occurring  in  connection  with  a  diseased  con¬ 
dition  of  the  ‘supra-renal  capsules’.” 

Thomas  Addison,  1868 


Chapter  18 

HYPO-  AND  HYPERFUNCTION  OF  THE 
ADRENAL  CORTEX 


The  clinician’s  view  concerning  the  role  of  the  adrenal  cortex  in  health 
and  in  disease  has  changed.  Until  several  years  ago  the  all  or  nothing  atti¬ 
tude  generally  prevailed,  i.e.,  either  the  patient  had  classica  Addisons 
disease  or  the  adrenal  cortex  was  perfectly  normal.  The  fact  is  that  various 
gradations  of  hypo-  or  hyperadrenocorticism  may  be  encountered,  and 
that  aspects  of  adrenocortical  activity  other  than  control  of  salt  and  vatci 
exchanges  may  be  involved  in  these  states. 

I.  General  Physiology  of  the  Adrenal  Cortex 

As  a  mnemonic  device  it  is  useful  to  look  upon  the  adrenal  cortex  as  a 
tripartite  organ,  even  though  from  the  functional  view  such  clear-cut  sep- 
aration  may  not  be  the  fact  (1). 

A  The  Inorganic  or  Mineral-Regulating  Effects 

— r  *  *  .He  f 

I:Ciliritlr"^of  potassium”  and  influences  the  excretion  of 

hances  the  urmaryexcretio^  ^  function  is  thoUght  to  he  medi- 

\vater(2d,  ).  ,,  svnthetic compound desoxycorticosterone ot 

ated  via  steroids  for  "Hicl  i  ^  ig  now  satisfactory  evidence 

DOC  has  been  cited  as  a  prototype  (-  )•  nnc  f2i  k)  but  it  is 

hat  the  adrenal  cortex  does  contain  and  elaborate 

not,  as  we  shall  see,  the  sole  mine™  -  adrenal  cortices 

evidence  is  available  indicating  ia  at  .  ce  0f  these  glands  (21). 

can  influence  electrolyte  metabo  ism  >  crystalline  steroid  from 

fn  1953  Reichstein  announced  the  isolation  01  a  iy 
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the  amorphous  fraction  of  the  adrenal  cortex.  Surprisingly  enough,  though 
this  compound  differs  from  DOC  in  having  an  oxygen  in  the  11  position, 
it  is  some  25  or  more  times  as  potent  as  DOC  in  altering  electrolyte  excre¬ 
tion  (3a-c).  It  has  been  named  aldosterone  or  electrocortin ;  its  chemical 
structure  is  shown  in  figure  5-3.  This  is  presumed  to  be  the  hormone  of  the 
adrenal  cortex  which  is  predominantly  concerned  with  electrolyte  and  water 
changes.  Its  role  in  the  intermediate  metabolism  of  foodstuffs  or  in  other 
physiologic  or  biochemical  processes  is  yet  to  be  determined,  though  a  gly¬ 
cogenic  effect  has  already  been  reported  (3d). 

The  administration  of  DOC,  Compound  E,  or  ACTH  to  animals  or  to 
human  subjects  without  restriction  of  salt  intake  produces  retention  of 
sodium,  chloride,  and  water,  losses  of  potassium,  and  a  gain  in  body  weight. 
Serum  levels  of  chloride  fall,  total  C02  content  rises,  and  hypokalemia  ap¬ 
pears  as  deficits  of  cell  potassium  develop.  Cell  sodium  increases  (3e-j). 
If  cortisone  or  ACTH  is  given  during  sodium  restriction  a  definite  increase 
in  extracellular  volume  and  in  extracellular  sodium  and  chloride  still  ap¬ 
pears  (31).  This  must  be  the  result  of  transfers  of  water,  sodium  and 
chloride  from  cells  since  body  weight  does  not  change  and  external  transfers 
are  virtually  nil.  This  effect  is  transient  however  and  disappears  with  con¬ 
tinued  therapy,  in  contrast  to  the  persistence  of  the  changes  when  sodium  is 
not  restricted. 

The  incidence  and  the  persistence  of  the  hypochloremic  metabolic  alka¬ 
losis  described  above  do  not  appear  to  be  decreased  or  eliminated  by 
marked  sodium  restriction  together  with  a  daily  potassium  intake  of  150 
milliequivalents  or  more  (3h). 

In  patients  AC  I H  or  cortisone  produces  variable  increases  in  glomerular 
filtration  late  and  in  renal  blood  flow  with  definite  evidence  of  increased 
tubular  reabsorption  of  water  (3e,  f,  m,  n).  It  should  be  pointed  out  how¬ 
ever  that  the  observed  effects  may  not  be  the  results  of  a  direct  renal 
action  (3o).  The  increased  reabsorption  of  sodium  and  diminished  ex¬ 
cretion  of  potassium  which  are  the  predominant  mineral  effects  of  these 
agents  on  the  renal  tubule  are  also  demonstrable  in  the  gastrointestinal 

tract  m  hypo-  and  hyperadrenocorticism  with  the  aid  of  resins  (see  sections 
II  and  V  of  this  chapter). 

B.  The  Organic  or  Oxysteroid  Effects 


1  he  intermediate  layer  or  zona  fasciculata  is  believed  to  elaborate  the 
lk  of  the  11 -oxygenated  steroids.  Compound  E  or  cortisone  (17-hydroxv- 
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humans.  These  compounds  affect  electrolyte  and  water  excretion  in  a  man¬ 
ner  similar  to  DOC  or  electrocortin,  but  they  are  less  potent.  Thus  corti¬ 
sone,  milligram  for  milligram,  is  about  as  effective  as  DOC  in  this  regard 
(4a,  b).  These  and  other  biochemical  and  clinical  effects  of  11-oxysteroids 
when  administered  in  pharmacologic  dosage  are  listed  in  table  18-1. 

The  chief  influence  of  the  11-oxysteroids  is  exerted  upon  the  intermediate 
metabolism  of  foodstuffs,  upon  circulating  formed  elements  of  the  blood 
and  fixed  lymphoid  tissue,  and  finally  upon  membrane  permeability.  The 
evidence  for  the  first  of  these  consists  of  the  demonstration  that  pharma¬ 
cologic  doses  of  compound  E  or  F  alter  carbohydrate  metabolism  (increased 
gluconeogenesis,  diminished  peripheral  utilization  of  glucose,  increased 
glycogen  formation,  and  increased  insulin  tolerance),  interfere  with  protein 
anabolism  (negative  nitrogen  balances),  and  augment  the  catabolism  of 
fat  (respiratory  quotient  changes)  (oa-e).  This  is  illustrated  in  figure  18-1. 
It  should  be  emphasized  that  some  of  these  responses  can  be  modified  or 
even  reversed  by  dietary  alterations.  Thus,  high  protein  intake  will  cancel 
the  negative  balances  of  nitrogen. 

The  effects  on  blood  cells  and  lymphoid  tissue  include  decreases  in  lym¬ 
phocytes  in  the  circulation  and  in  the  lymph  nodes,  a  diminution  of  circu¬ 
lating  eosinophils  and  perhaps  basophils  and  an  increase,  both  relative  and 
absolute,  in  the  polymorphonuclear  granulocytic  cells  (Ga-d). 

The  evidence  that  membrane  permeability  can  be  modified  consists  of 
the  demonstration  that  dyes  leave  the  synovial  space  at  a  greater  rate, 
that  inflammatory  processes  subside,  and  that  transfers  of  electrolytes  in 
renal  tubules  and  other  tissues  are  altered  (7a-g). 


C.  The  Androgenic  and  Anabolic  Effects 

The  innermost  sphere  of  the  cortex,  zona  reticularis ,  is  presumed  to  elabo¬ 
rate  androgenic  compounds  with  virilizing  and  protein  anabolic  properties. 
Potassium  and  phosphate  are  retained  during  periods  of  positive  nitrogen 
balance  (8a-c).  In  the  male  the  output  of  these  compounds  from  the 
adrenal  cortex  is  supplemented  by  the  interstitial  cells  of  the  testes.  Steroids 

of  this  class  from  either  of  these  sites  appear  in  the  urine  in  the  17-keto 
form. 

Despite  this  breakdown  of  the  adrenal  cortex  on  an  anatomical  and 
functional  basis  it  should  be  kept  in  mind  that  the  properties  of  the  indi 
vidual  steroids  are  best  viewed  as  a  spectrum.  Thus,  the  androgenic-anabolic 
steroids  as  well  as  the  oxysteroids  can  induce  retention  of  the  chief  extra- 
cellular  electrolytes  and  losses  of  potassium,  even  though  the  endogenous 
adrenocortical  products  most  effective  in  this  respect  are  the  mineral-regu- 

h‘7,  Tr  ?lmi ar.y’.though  the  intermediate  metabolism  of  carbo- 
i-  'ate'  fat’  and  rroteln  1S  most  markedly  influenced  by  the  oxysteroids 
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Fig.  18-1.  Carbohydrate  Effects  of  Oxysteroids 
Oxysteroids  increase  gluconeogenesis  from  amino  acids  and  from  fats  and  at  the 
same  time  block  the  peripheral  utilization  of  glucose.  The  extra  carbohydrate  supp  les 
facilitate  the  deposition  of  glycogen.  This  effect  has  been  used  in  adrenalectomized 
animals  as  an  assay  technic  for  oxysteroids. 

and  the  androgenic-anabolic  hormones,  the  11-desoxy  mineral-regulator, 
DOC  is  not  totally  devoid  of  these  effects  (9a-d).  An  attempt  to  quantify 
the  gradation  of  the  biological  and  biochemical  actions  of  the  miners 
regulating,  the  so-called  sugar-fat-protein  hormones  and  the  androgenic- 
anabolic  steroids  is  presented  in  table  18-1.  It  should  also  be  pointed  out 
that  under  some  circumstances  the  activities  of  the  individual  steroids  are 
not  necessarily  additive  and,  as  a  matter  of  fact,  may  be  antithetical  (9e-h). 

II.  States  of  Adrenocortical  Ilypofunction 

Loss  of  normal  adrenocortical  function  or  responsiveness  ean^curasa 
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insufficiency  which  results  in  a  decrease  or  a  total  loss  of  the  tiophic  hoi- 
mone  to  the  adrenal  cortex.  Whether  the  latter  state  can  be  brought  on  even 
in  transient  form  by  ACTH  administration  has  not  been  answered  though 
some  compatible  data  are  available  (12a,  b).  Finally,  it  may  occui  as  an 
exhaustion  phase  following  prolonged  stimulation  (13a-d). 

A.  Addison's  Disease:  Metabolic  and  Clinical  Manifestations 

In  classic  Addison’s  disease  there  is  a  complete  loss  of  adrenocortical 
function  though  some  adrenocortical  type  steroids,  as  evidenced  by  con¬ 
tinued  though  reduced  17-ketosteroid  excretion,  are  still  produced  in  small 
amounts  by  the  gonads  (14).  With  the  absence  of  sufficient  quantities  of  the 
salt-regulating  steroids,  potassium  excretion  falls  off  and  this  ion  accumu¬ 
lates  inside  cells  and  in  the  extracellular  fluid  (15a-f).  Simultaneously,  the 
reabsorption  of  filtered  sodium  and  chloride  in  the  renal  tubules  becomes 
inadequate.  The  excretion  of  water  loads  falls  off,  i.e.,  the  Robinson-Power- 
Kepler  test  becomes  positive  (15g).  These  changes  are  shown  in  figure 
18-2.  The  salt  content  of  sweat  rises  and  there  is  evidence,  based  upon  the 
demonstration  that  cation  exchange  resins  remove  much  greater  amounts 


G.l  TRACT 


N 

E 

P 

H 

R 

0 

N 


No+ 

Excretion  t 


Peripheral  utilization  t 


.  .  v^akbohydrate  changes  in  Addison’s  Disease 

thrabrption  °f 8odh-  ^ 

represents  an  interference  with  the'  oath'*  potassium-  In  cun*ent  views  this 

enters  the  body  fluids  in  an  exchange  u-V ;  i  ^  1,l"Ke  Processes  whereby  sodium  re¬ 
ar  hydrogen  into  the  tubular  lumen.  ^  ^  passage  of  either  Potassium 
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Fig.  18-3.  Electrolyte  Changes  in  Untreated  Addison’s  Disease 
N  R.,  a  65-year-old  female  (13) ;  A.  Me.,  a  39-year-old  female  (C) ;  H.  L,*  38-year- 
old  male  (D) .  Mean  normal  values  are  shown  in  (A).  It  is  to  be  noted  that  despite the 
presence  of  adrenocortical  insufficiency  of  the  chronic  type,  the  only  electrolyte 
change  is  a  moderate  hyponatremia.  Potassium  was  not  elevated  in  these  cases  nor 
was  the  level  of  bicarbonate  and  chloride  regularly  depressed,  though  all  thes 
changes  can  develop.  (Dnnowski  el  al,  unpublished  data.) 

of  sodium,  indicating  that  the  impetus  for  absorption  or  reabso.pt  ton  of 
sodium  from  the  gut  is  diminished  (15h-i).  Whether  or  not  deficits  of  so¬ 
dium  chloride  and  water  develop  depends  upon  the  concomitant  intake  o 
salt  (fins  18-3  and  18-4).  If  the  latter  covers  or  more  than  covers  all  losses, 
salt  and  water  stores  remain  intact.  If  not,  then  deficits  develop  As  so It 
depletion  progresses,  extracellular  and  plasma  volumes  decline  and  cncu  - 

t0tLtfrll”ofSuate  amounts  of  H-oxysteroids  the  intermediate 
metabolism  of  foodstuffs  is  altered.  At  tl 1,0 {^\ovWn^  effecVof  thT^teroids 

glucose  from  amino  levels  is  absent.  Liver  glycogen  stores 

,,po„  msulm  act.oii  at  ‘  predominantly  to  the  ll-oxystero,d 

S  tem"  2  See  h^poglyeenua  R 
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sequence  of  the  circulatory  collapse.  Ihese  changes  arc  show  n  in  figure  18-2. 
Other  reflections  of  decreased  11-oxysteroids  may  also  be  present  in  the 
form  of  eosinophilia  and  lymphocytosis. 

The  lack  of  the  protein-anabolic  androgenic  steroids  contributes  at  least 
in  part  to  the  weight  loss  and  weakness.  In  addition  decreased  libido  and 
amenorrhea  may  develop  (15q). 

The  pigmentation  and  freckling  which  develop  represent  the  effects  of 
increased  amounts  of  pituitary  melanophore  factor  which  is  associated  with 
the  increase  in  ACTH  characteristically  present  in  most  instances  of  Addi¬ 
son’s  disease  (15r-u). 

Acute  crises  characterized  by  circulatory  collapse  and  hypoglycemia  of 
sufficient  severity  to  produce  death  may  develop  with  otherwise  minor 
infections.  The  crisis  is  usually  ushered  in  by  nausea  or  vomiting  which 
should  therefore  be  received  as  an  ominous  sign. 


B.  Therapy  of  Addison's  Disease  in  Nonacute  and  Acute  Phases 

Treatment  of  the  nonacute  Addisonian  patient  includes  DOC  pellet 
implantation  every  nine  to  12  months,  usually  three  in  number,  each  weigh¬ 
ing  approximately  125  mg.,  and  daily  oral  cortisone,  25  mg.  On  this  regimen 
an  ordinary  salt  intake  is  both  permissible  and  adequate  and  there  is  neither 
a  need  nor  is  it  desirable  to  restrict  potassium  (IGa-i). 

In  treating  an  Addisonian  crisis  therapy  should  include  plasma  or  colloid 
as  well  as  salt  and  water  to  correct  the  circulatory  collapse  and  glucose  to 
remedy  the  hypoglycemia.  At  the  same  time  adrenocortical  extract,  up  to 
400  to  500  cc.  a  day,  cortisone  500  to  1000  mg.,  and  DOC  5  to  10  mg.  should 
be  given.  Alternatively,  hydrocortisone  may  be  administered  (100  mg. 
i.v.  plus  100  mg.  i.m.). 


HI.  Adrenocortical  Hypofunction  following  Cortisone  Therapy 

I  he  administration  of  cortisone  to  patients  with  grossly  normal  adrenal 
cortices  promptly  depresses  the  output  of  steroids.  This  response  is  analo¬ 
gous  to  the  effects  of  feeding  thyroid  to  a  normal  individual  (17a-c)  With 
clrawal  of  the  cortisone  is  followed  by  a  period  of  adrenocortical  hypoft, no¬ 
tion  or  relative  unresponsiveness  to  physiologic  stimuli.  This  may  last  many 

weeks  or  months  and  represents  a  hazard  in  case  of  accident,  infection  or 
surgical  intervention  (lla-c,  18a). 

treatment  is  based  on  an  awareness  of  this  hazard.  It  seems  reasonable 
.  accompany  or  to  follow  the  cortisone  with  a  period  of  ACTH  therapy  or 
o  try  very  gradual  withdrawal  of  the  cortisone  (18b).  In  the  post-treatment 
P  tase  the  patient  and  his  physicians  should  he  aware  of  the  hazard  and  any 

8 PhySi0l°KiC  "»“*  * •»«  *th  cortisone 
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IV.  Combined  Hypo-  and  Hyperfunction  of  the  Adrenal  Cortex 

An  entity  characterized  by  salt-wasting,  though  not  regularly,  and  either 
precocious  sexual  development  or  masculinization  occurs  in  children  and 
adults.  This  has  been  called  the  adrenogenital  syndrome.  From  the  func¬ 
tional  viewpoint  it  represents  a  combination  of  a  variable  underproduction 
of  salt-regulating  and  11-oxysteroid  compounds  and  an  overproduction  of 
androgenic  steroids  (19a-f).  Continued  therapy  with  small  amounts  of 
cortisone,  15  to  50  mg.  each  day,  corrects  both  of  these  abnormalities,  re¬ 
turning  the  17-ketosteroid  output  to  normal  and  stopping  progression  of  the 
sexual  precocity  or  masculinization.  It  has  been  suggested  that  the  cortisone 
suppresses  the  abnormal  adrenocortical  activity  either  directly  or  via  ACTH 
(20a-d). 


V.  Excesses  of  Adrenocortical  Type  Steroids 

A  variety  of  causes  may  result  in  an  excess  of  adrenocortical  steroids. 
These  include  adrenocortical  hyperplasia  and  tumors,  as  well  as  the  con¬ 
tinued  administration  of  ACTH,  cortisone,  DOC,  Cpd  F,  or  androgens  in 
excess  of  actual  replacement  needs.  An  excess  of  adrenocortical  type  steroids 
will  produce  to  a  greater  or  lesser  degree  the  changes  listed  in  table  18-1  as 
pharmacologic  effects.  The  clinical  and  biochemical  manifestations  will 
depend  upon  the  particular  steroid  or  steroids  which  are  present  in  excess. 


A.  Tumors  or  Hyperplasia  of  the  Adrenal  Cortex 

Functioning  tumors  of  the  adrenal  cortex  or  hyperplasia  usually  result  in 
a  Cushing’s  syndrome.  In  this  entity  there  is  evidence  of  disturbances  in 
electrolyte  and  water  excretion  in  that  alkalosis  and  hypochloremia  usually 
develop  and  the  serum  potassium  level  falls.  On  the  other  hand  sodium 
retention  and  edema  are  not  prominent  features  of  this  syndrome  and,  as  a 
mattei  oi  fact  may  not  be  present  at  all.  The  blood  pressure  may  or  may 
not  be  elevated. 

The  intermediate  metabolism  of  foodstuffs  is  altered  in  that  insulin  re- 
sistance  develops.  Actual  diabetes  mellitus  occurs  with  increased  frequency 

dison’s  disease)  was  thus  confirmed.  He  responded  well  to  therapy  with  desoxycorti 

costerone.  J  1,1 

Interpretation  of  serum  concentration  at  end  of  day  three:  Body  fluid  pattern • 

H’Van  I°f  Sa  'n  ^  af  °n, t0  Water  Wlth  contraction  of  volume  of  extracellular  phase 
phases  100  me  mtracellular  Ph^e  (I).  Potassium  retained  in  both 

Physiologic  mechanisms:  Adrenocortical  insufficiency  caused  decreased  renal  t„h„ 

ar  reabsorption  of  sodium  and  decreased  excretion  of  notassium  I  „«■  *  .• 
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in  these  patients,  but  this  is  obviously  not  directly  related  to  the  excess  of 
steroids,  since  diabetes  is  not  an  invariable  finding.  There  is  no  evidence 
that  the  net  exchanges  of  protein  are  changed  in  these  patients.  On  the  other 
hand  redistribution  or  new  deposit  of  body  fat  does  occur  in  view  of  the 
moon  face,  buffalo  hump,  abdominal  pad  and  striae,  and  the  spindly  legs 
and  arms  which  develop. 

In  addition  to  the  altered  body  contour,  patients  with  Cushing’s  syndrome 
often  have  evidences  of  increased  androgenic  activity  characterized  by 


masculinization  of  females  as  manifested  by  a  lowering  of  the  voice  and  in¬ 
crease  in  facial  hair.  Acne  may  appear.  Amenorrhea  usually  develops.  rl  he 
urinary  output  of  17-ketosteroids  rises  (21a— f). 

1.  Differential  Diagnosis  of  Hyperplasia,  Benign  Adenoma  and 
Cancer  of  the  Adrenal  Cortex.  All  three  of  these  diseases  can  produce  the 
same  clinical  changes  (21  f,  22a).  Two  procedures,  the  17-ketosteroid  output 
and  the  response  to  cortisone,  are  often  ot  assistance  in  the  differential 
diagnosis.  When  the  ketosteroid  output  is  very  high,  i.e.,  100  or  200  mg. 
in  24  hours,  a  cancer  is  highly  probable.  Lower  values,  such  as  2o  or  50 
mg.  per  day,  values  which  are  still  above  the  usual  range  for  the  patient’s 
age  and  sex,  favor  adenoma  or  hyperplasia  (22b-h).  The  administration  of 
cortisone  in  the  latter  two  groups  will  return  the  17-ketosteroid  excretion 
to  the  normal  range  but  will  not  affect  the  very  high  output  occurring  in 

Treatment  of  one  of  these  forms  of  Cushing’s  syndrome  or  hyperadrer 
corticism  consists  of  adrenal  exploration  and  removal  of  hyperfunctioning 
tissues;  benefit  has  also  been  reported  following  pituitary  Ration.  It  * 
also  possible  that  ultimately  the  use  of  compounds  such  as  DD1), 
(parachlorophcnyl)-!,!  dichloroethane,  an  agent  which  destroys  the  zona 
fasciculala,  will  be  feasible  for  this  purpose  (22i-k). 


B  Effects  of  DOC,  Cortisone,  ACTH,  or  Androgens  in  Excess 

In  contrast  to  the  relative  infrequency  of  edema  in  Cushing’s  syndrome 
patients  with  DOC  intoxication,  i.e.,  those  with  Addison’s  disease  on  pellet 
therapy  in  excess  of  their  needs,  very  quickly  develop  sodium  chloride  an 
water  retention  as  well  as  hypertension.  This  is  accompanied  by  potassium 
depTet  on  as  well  as  a  rise  in  .he  total  carbon  dioxide  content  of  sernn  not 
prevented  by  the  withholding  of  sodium.  There  are  no  evidences  of  carbo 

hydrate  disturbances  nor  does  m administration 

in  necrosis  of  the  myocardial  and 
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sodium  intake  develop  edema  as  quickly  as  those  with  DOC  excess,  even 
though  the  latter  has  a  more  pronounced  effect  on  mineral  excretion.  How¬ 
ever  the  lesser  potency  of  cortisone  or  AC  PH  in  this  regard  is  made  up  b\ 
the  larger  dosages  employed.  There  is  some  suggestion  that  ACIH  may  be 
less  apt  to  produce  the  inorganic  or  mineral  changes  than  is  cortisone 
(24a-d).  In  the  patients  treated  with  ACTH  one  of  course  still  finds  the 
other  evidences  of  1 1-oxysteroid  overactivity  mentioned  earlier:  thus  insulin 
tolerance  rises,  the  body  contour  changes,  and  androgenic  effects  appear. 
With  ACTH,  but  not  with  cortisone,  freckling  and  pigmentation  of  the 
type  seen  in  Addison’s  disease  also  develop. 

With  excessive  androgen  administration  the  masculinizing  effects  (hirsut¬ 
ism,  etc.)  are  promptly  evoked,  and  with  the  passage  of  time  retention  of 
sodium,  chloride,  and  water  also  occur.  These  compounds  have,  as  has  been 
mentioned  earlier,  a  protein  anabolic  effect  which  leads,  at  least  in  the 
earlier  phases,  to  nitrogen  and  potassium  retention. 


C.  Prevention  or  Cancellation  of  Toxic  or  Side  Effects  of  ACTII  or  Cortisone 
Therapy 

The  onset  of  edema  frequently  necessitates  withdrawal  of  ACTII  and 
cortisone  therapy,  though  some  of  the  other  biochemical  abnormalities 
such  as  hypokalemia,  alkalosis,  hypochloremia  may  also  be  construed  as 
contraindications  to  continued  maintenance  on  these  drugs.  It  is  obvious 
that  limiting  the  dosage  and  the  duration  of  therapy  will  deprive  patients 
of  improvement  that  might  be  otherwise  elicited. 

A  number  ot  approaches  to  a  resolution  of  this  problem  have  been  sug¬ 
gested  aside  Irom  ammonium  chloride  and  mercurial  diuresis.  Cation  ex¬ 
change  resins  have  been  tested  for  this  purpose  (25).  These  agents  produce 
hyperchloremia  and  acidosis,  abstract  sodium,  and,  when  given  in  the  ap¬ 
propriate  cycle  or  form,  result  in  potassium  retention.  All  of  these  are 
desirable  properties  since  they  are  the  antithesis  of  the  biochemical  effects 
produced  by  cortisone  or  ACTH.  Unfortunately  their  limited  efficiency  does 
not  eliminate  the  need  for  considerable  dietary  restriction  of  salt,  even 
though  potassium  depletion  can  be  prevented  and  hyperchloremi’a  and 
acidosis  minimized  (25).  lligid  restriction  of  dietary  sodium  has  by  itself 
proved  quite  adequate  in  preventing  sodium  retention  and  edema  in  pa¬ 
tients  receiving  cortisone  or  ACTH  in  large  amounts,  up  to  300  mg.  per  day 
lor  many  weeks  (20a,  b).  These  diets  have  been  described  in  chapter  9  and 
samples  are  included  in  the  appendix  tables.  Their  high  potassium  content 
prevents  deletion  of  this  electrolyte.  Though  some  hypochloremia  and 
alkalosis  do  occur,  they  appear  to  be  of  lesser  intensity.  Other  side  effects 
such  as  moon  facies  and  acne  are  not  modified  by  this  regimen  Finally 
a  high  potassium  intake  minimizes  sodium  retention  which  otherwise  occurs 
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on  general  diets  (27a-c).  Obviously,  in  patients  with  underlying  renal 
disease  and  a  tendency  to  potassium  accumulation  neither  the  low  sodium- 
high  potassium  regimen  nor  the  administration  of  potassium  salts  is  feasible. 


Summary:  From  the  functional  view  it  is  helpful  to  consider  the  adrenal 
cortices  as  elaborating  steroids  which  exert  three  principal  groups  of  effects: 
a)  regulation  of  electrolyte  and  water  output,  i.e.,  increasing  sodium  and 
chloride  reabsorption  and  facilitating  potassium  and  water  output,  b) 
modification  of  the  intermediate  metabolism  of  foodstuffs,  i.e.,  at  least  on 
initial  administration,  producing  negative  balances  of  nitrogen,  mobilizing 
fat,  increasing  gluconeogenesis,  interfering  with  the  peripheral  action  of 
insulin  and  facilitating  glycogen  deposition,  and  c)  production  of  androgenic 
effects  or  masculinization  as  reflected  in  body  build,  voice  pitch,  and  sec¬ 
ondary  sex  features.  In  the  past  the  first  group  of  effects  was  attributed  to 
the  1 1-desoxy steroids  and  the  second  group  to  the  11-oxysteroids,  but  the 
advent  of  aldosterone  or  electrocortin,  an  11-oxy  compound  with  marked 
sodium  retaining  effects  makes  this  classification  untenable;  the  androgenic 
effects  are  attributable  to  steroids  elaborated  by  adrenal  cortices  as  well  as 


by  testes. 

With  complete  loss  of  adrenocortical  steroids  Addison’s  disease  develops 
with  sodium  depletion  and  potassium  retention  as  a  result  of  inadequate 
reabsorption  and  excretion  of  these  two  ions  respectix  elv,  hy poglj  ( emia  by 
virtue  of  slower  gastrointestinal  absorption,  decreased  gluconeogenesis, 
removal  of  the  steroid  blockade  of  insulin  action,  liver  deglycogenation,  and 
finally,  losses  of  libido  and  muscle  strength  as  a  consequence  of  androgen 

deficits. 

Excesses  of  adrenocortical  steroids  in  general  produce  sodium  retention 
and  potassium  deficits,  the  latter  accompanied  by  hypochloremic  alkalosis; 
diabetes  mellitus  may  appear  in  susceptible  individuals  together  with  sec¬ 
ondary  sex  changes. 
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Chapter  19 

DIABETES  INSIPIDUS  AND  OTHER  DISORDERS 
OF  THE  ANTI  DIURETIC  SYSTEM 


In  previous  chapters  it  lias  been  pointed  out  that  there  are  cells  within 
the  hypothalamus  which  are  sensitive  to  changes  in  the  concentrations 
of  the  solutes  within  the  extracellular  fluid.  These  osmoreceptors  of 
Yerney  bring  about  an  increase  or  decrease  in  the  output  of  humoral  anti- 
diuretic  materials  by  the  posterior  pituitary  which  in  turn  lowers  or  raises, 
respectively,  the  renal  output  of  water  (la-c).  By  virtue  of  this  mechanism 
excesses  of  water  which  lower  the  extracellular  solute  concentrations  are 
excreted  as  dilute  urine,  whereas  deficits  of  water  lead  to  conservation  of 
the  remaining  body  water  by  restricting  urine  volume  to  a  minimum.  It  has 
been  shown  however  that  large  solute  loads  during  dehydration  will  inter¬ 
fere  with  this  conservation  mechanism  (2a-d)  and  conversely  that  coitus, 
emotional  disturbances,  drugs  such  as  morphine,  and  colloids  in  hyper- 


oncotic  concentrations  can  inhibit  water  diuresis  (3a  h). 

Until  the  advent  of  more  precise  technics  and  studies  it  has  been  gener¬ 
ally  assumed  that  the  posterior  pituitary  is  the  sole  site  for  the  production 
and  storage  of  the  antidiuretic  substance  or  substances.  At  present  it  is 
clear  that  these  humoral  agents  are  present  in  the  body  fluids  even  after 
hypophysectomy,  though  in  reduced  amounts,  and  that  under  such  circum¬ 
stances  the  hypothalamus  is  at  least  one  of  their  sources  (4) . 

It  is  obvious  that  facts  obtained  by  means  of  these  newer  methods  may 
necessitate  a  revision  of  current  views  of  how  this  and  related  mechanisms 
operate  in  regulating  body  fluids  in  health  and  how  disruptions  occur  in 
disease  states  such  as  diabetes  insipidus,  anterior  pituitary  insufficiency, 
intractable  edema,  and  particular  types  of  cerebral  injury. 


I.  Diabetes  Insipidus 


A.  Etiology 

Injury  to  the  hypothalamus 
to  the  posterior  pituitary  can 


,  to  the  hypothalamic-hypophyseal  tract,  or 
result  in  diabetes  insipidus  (5a).  An  mtra- 
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cranial  tumor  is  the  most  frequent  known  cause  of  the  syndrome,  but  in 
an  even  larger  number,  as  in  50  of  Blottner’s  112  cases,  the  origin  of  the 
disease  cannot  be  identified  (5a-c).  Included  in  this  latter  group  are  the 
hysterical  patients  in  whom  a  large  fluid  intake  induces  polyuria.  4  hese 
can  be  differentiated,  though  with  some  difficulty,  from  the  patients  with 
organic  lesions  in  that  they  respond  to  fluid  restriction  by  an  increase  in 
specific  gravity  of  the  urine  (5d).  Both  groups  of  patients,  i.e.,  those  with 
an  organic  lesion  and  those  with  a  psychic  disturbance,  deciease  the  urine 
output,  raise  its  concentration,  and  lower  the  water  intake  in  response  to 
pitressin,  the  antidiuretic  factor  isolatable  from  the  posterior  pituitary. 
Only  diabetes  insipidus  due  to  defective  production  of  antidiuretic  ma¬ 
terial  will  not  respond  to  hypertonic  saline  by  a  reduction  in  water  diuresis, 
as  in  the  Hickey-Hare  test  (5e).  In  those  few  who  fail  to  respond  to  replace¬ 
ment  pitressin  therapy  a  renal  tubular  defect  can  be  postulated.  This  may 
be  congenital  and  familial  or  may  be  a  manifestation  of  renal  disease  (5f-i) . 

B.  Nature  of  Renal  Dysfunction  in  Diabetes  Insipidus 

The  clinical  syndrome  of  diabetes  insipidus,  irrespective  of  its  origin, 
results  in  the  output  of  urine  of  low  specific  gravity,  i.e.,  1.001  to  1.003  or 
1.004,  in  daily  volumes  as  high  as  eight  or  ten  liters.  In  traditional  terms 
this  has  been  taken  to  indicate  that  filtration  at  the  glomerulus  and  proxi¬ 
mal  tubular  function  are  normal  whereas  the  reabsorption  of  filtrate  water 
in  the  distal  tubules  is  diminished.  If  this  be  the  actual  fact,  then  these 
large  urine  volumes  represent  the  loss  of  about  one-half  of  the  filtrate 
which  has  not  been  reabsorbed  in  the  proximal  portion  of  the  nephron. 
Actually,  the  traditional  partitioning  of  reabsorption  between  the  two  tubu¬ 
lar  segments  has  been  questioned  by  some  workers  (6)  and  evidence  has 
been  advanced  indicating  that  tubular  secretion  of  water  can  also  occur 
(7a,  b).  Hence,  it  is  probably  wiser  to  look  upon  diabetes  insipidus  as  repre¬ 
senting  increased  renal  water  output  as  a  consequence  of  a  diminished 
reabsorption,  and  possibly  even  a  secretion  of  water,  involving  one  or  both 
segments  of  the  tubules. 

C.  Status  of  Electrolyte  Metabolism  in  Diabetes  Insipidus 

1  he  low  solute  content  of  the  urine  and  the  virtually  normal  levels  of 
electrolytes  in  uncomplicated  diabetes  insipidus  when  free  access  to  water 
has  been  permitted  (8)  suggest  that  the  control  of  solute  output  is  unim¬ 
paired  in  this  entity.  Yet  a  number  of  workers  have  noted  that  the  admin¬ 
istration  oi  pitressin  to  normal  subjects  and  to  patients  with  diabetes  in¬ 
sipidus  can  result  in  an  increased  output  of  sodium  and  of  chloride  (9a  b) 
It  has  been  suggested  that  this  indicated  contamination  of  the  pitressin 
with  anterior  pituitary  hormones.  More  recent  studies,  however,  have  iden- 
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tified  this  as  an  indirect  response  to  this  particular  antidiuretic  substance. 
Thus,  the  administration  of  pitressin  and  of  water  without  electrolytes  in 
sufficient  amounts  expands  body  fluids  and  lowers  concentrations.  This  in 
turn  produces  a  diuresis  of  sodium,  chloride,  and  water  and  may  therefore 
be  looked  upon  as  a  mechanism  which  attempts  to  restore  the  volume  of 
body  fluids,  even  though  concentrations  may  be  lowered  in  the  process. 
In  the  post-treatment  phase  excess  water  is  eliminated  and  sodium  and 
chloride  are  conserved  (9c-e).  Hence  the  so-called  natriuretic  and  chlor- 
uretic  response  to  pitressin  appears  to  be  an  indirect  mechanism  activated 
by  changes  in  body  fluids  induced  by  this  hormone.  This  interpretation 
is  supported  by  the  finding  that  pitressin  administered  without  water  re¬ 
tention  does  not  induce  this  response. 


D.  Amelioration  of  Nonpsijchogenic  Diabetes  Insipidus  without  Recourse  to 
Pitressin 


It  has  been  noted  in  animal  experiments  that  total  hypophysectomy 
does  not  produce  the  degree  of  diabetes  insipidus  which  develops  after  in¬ 
jury  to  the  posterior  hypophyseal-hypothalamic  apparatus.  As  a  matter 
of  fact  only  a  transient  polyuria  of  about  one  week’s  duration  ensues.  It 
has  also  been  found  that  well-established  diabetes  insipidus  diminishes  in 
intensity  following  removal  of  the  anterior  hypophysis  or  thyroid  (lOa-c). 
Clinically,  a  number  of  reports  describe  decreases  in  the  urine  volume  of 
diabetes  insipidus  patients  not  given  specific  replacement  therapy  (11a,  b). 
The  studies  of  Leaf  and  his  collaborators  indicate  that  in  their  patient  the 
amelioration  in  symptomatolgy  was  mediated  through  a  decreased  intake 
of  food  and  electrolytes  secondary  to  anterior  pituitary  insufficiency.  This 
diminished  the  urinary  solute  load  and  decreased  the  water  exchanges  with¬ 
out  any  change  in  the  fundamental  defect,  i.e.,  in  the  inability  of  the  patient 
to  elaborate  a  concentrated  urine.  The  absence  of  beneficial  effects  of  grow th 
hormone,  thyroxine,  or  cortisone  excluded  the  possibility  that  correction 
of  endocrine  deficiencies  of  this  type  was  responsible  for  the  clinical  im¬ 
provement.  Raising  the  urinary  solute  load  resulted  in  an  exacerbation  of 
the  symptoms  of  the  disease.  These  findings  identify  therefore  one  mech¬ 
anism  which  influences  the  intensity  of  the  clinical  manifestations  of  this 

syndrome. 


II.  Anlidiuretic  Substances  and  Edema 

It  has  been  suggested  on  the  basis  of  bio-assay  of  urine  or  of  blood  ‘hat 
levels  of  antidiuretic  material  are  increased  in  congestive  heart  fade i  , 
cirrhosis  with  ascites,  in  nephrosis,  and  in  pregnancy  (12a^l).  In  geue  a 
these  findings  have  been  taken  to  indicate  that  the  rctenhon  of  water  and 
of  salt  which  occurs  in  these  patients  is  caused  or  aggravated  by  these 
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stances.  More  precise  assay  technics  however  have  revealed  that  insofar  as 
blood  is  concerned  there  is  no  necessary  correlation  between  levels  of  these 

materials  and  the  presence  or  absence  of  edema  (12e-g). 

At  present  it  appears  justifiable  to  look  upon  the  above  findings  as  in¬ 
dicative  of  a  disorder  of  mechanisms  which  regulate  body  fluid  volume  and 
composition.  This  view  is  obviously  more  inclusive  than  the  original  at¬ 
tempts  to  correlate  levels  and  clinical  manifestations  but  it  still  does  not 
provide  the  reasons  why  in  certain  disease  entities  disorders  of  the  tonicity 
and  volume  of  body  fluids  are  perpetuated. 


III.  Body  Fluid  Derangements  with  Cerebral  Injury 

A.  Hypernatremia  as  a  Consequence  of  Disordered  Thirsting  Mechanisms 

Experimentally  produced  hypothalamic  injuries  in  rats  result  in  obesity 
by  virtue  of  increased  appetite  and  chronically  decrease  the  intake  of  water, 
i.e.,  “hypothalamic  hypodipsia”  develops  (13).  This  results  in  higher  so¬ 
dium  levels  as  a  manifestation  of  chronic  dehydration.  Possible  clinical 
counterparts  of  those  experimental  studies  have  also  been  reported  with 
chronic  hypernatremia  present  in  patients  with  cerebral  disease  (14a-f). 
In  both  the  animal  and  the  human  subjects  the  elevated  levels  of  sodium 
persisted,  despite  free  access  to  water,  without  any  complaint  of  thirst.  This 
finding  suggests  that  the  cerebral  lesion  deranged  or  injured  the  thirsting 
mechanism  which  regulates  fluid  intake  (15a-f).  These  patients  are  not  to 
be  confused,  of  course,  with  those  who  have  been  deprived  of  water  by  vir¬ 
tue  of  neglect,  loss  of  consciousness,  etc.  following  a  cerebral  vascular  acci¬ 
dent,  even  though  hypernatremia  does  develop.  In  this  latter  group  one  is 
dealing  with  simple  dehydration  with  no  evidence  that  the  patient  has  any 
abnormality  of  the  thirsting  response  per  se  (16a-c). 


B.  Sodium  Wastage 

In  a  small  group  of  patients  with  encephalitis,  bulbar  poliomyelitis,  or 
cerebral  vascular  accidents,  sodium  wastage  not  responsive  to  adrenocorti¬ 
cal  type  steroids  was  encountered  in  the  absence  of  renal  disease  (17,  14f). 
In  some  of  the  patients  this  appeared  to  be  a  temporary  derangement  dur¬ 
ing  the  acute  phase  of  the  disease.  The  actual  mechanisms  involved  have 
not  been  identified.  It  is  clear  that  injuries  in  the  higher  centers  can  modify 
lenal  function  in  animals  and  that  denervation  of  a  kidney  alters  blood 
flow,  filtration  rate,  and  tubular  function  (18a— c).  These  studies  do  not 
establish  nor  do  they  exclude  the  possibility  that  a  direct  neural  connection 
exists  between  the  brain  and  the  kidneys  which  could  mediate  this  or  other 
abnormalities  of  sodium  excretion.  It  has  been  suggested  therefore  that 
this  syndrome  might  be  attributable  to  dysfunction  of  such  a  tract  (19a  b) 
This  type  of  disorder  is  not  to  be  confused  with  the  chronic  hyponatremia 
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which  develops  in  the  course  of  meningeal  tuberculosis  and  represents  gen¬ 
eralized  hypotonicity  probably  secondary  to  chronic  decrease  in  the  osmot- 
ically  active  constituents  within  cells  (19b). 


summary:  Injury  to  the  hypophyseal-hypothalamic  mechanisms  which 
decreases  the  supplies  of  antidiuretic  substances  produces  diabetes  in¬ 
sipidus.  A  similar  syndrome  may  develop  by  virtue  of  disordered  thirst 
mechanisms,  as  in  emotionally  disturbed  individuals  or  as  a  consequence  of 
congenital  or  acquired  renal  tubular  unresponsiveness  to  the  antidiuretic 
agent  or  agents.  The  fundamental  defect  in  the  nonpsychogenic  forms  con¬ 
sists  of  an  inability  to  elaborate  a  concentrated  urine.  This  is  emphasized 
by  the  fact  that  a  seeming  amelioration  of  the  syndrome  occurs  as  a  con¬ 
sequence  of  decrease  in  the  load  of  solute  presented  to  the  kidneys  for 
excretion.  The  natriuretic  and  chloruretic  effects  of  posterior  pituitary 
preparations  appear  to  be  secondary  manifestions,  and  can  be  taken  to 
represent  an  attempt  to  restore  volume  to  normal  following  an  initial  un¬ 
due  expansion.  At  times  brain  disease  or  injury  in  areas  other  than  the 
hypophyseal-hypothalamic  axis  is  associated  with  undue  retention  or  losses 

of  sodium. 


1.  (a) 

(b) 

(c) 

2.  (a) 

(b) 

(c) 

(d) 

3.  (a) 

(b) 

(c) 

(d) 
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Chapter  20 

PEDIATRIC  FLUID  DISORDERS  AND  THEIR 

THERAPY 


In  the  material  which  makes  up  the  preceding  chapters  general  and  spe¬ 
cific  information  concerning  body  water  and  electrolyte  metabolism  has 
been  reviewed  with  reference  to  pertinent  experimental  data  and  to  clinical 
problems  in  general.  In  this  chapter  some  of  the  particular  problems  which 
confront  the  pediatrician  will  be  discussed. 


1.  The  Development  of  a  Rational  Philosophy  of  Fluid  Therapy  in 

Infants 

For  a  number  of  years  now  workers  in  this  country  and  abroad  have 
directed  their  attention  to  the  metabolism  of  water  and  electrolyte  m  in¬ 
fants  and  young  children.  The  studies  of  Camerer  and  Soldner,  Widdow- 
son  and  McCance,  and  others  indicate  that  in  the  early  months  of  life  the 
total  body  water  and  the  body  chloride  arc  present  amounts  which  are 
relatively  greater  than  those  found  in  older  children  and  adults  (la  k). 
The  investigation  of  renal  function  by  workers  such  as  Harnett,  Rubu  , 
McCance  and  their  contemporaries  have  revealed  a  variable  maturation  o 
.  I  function  as  reflected  in  indices  of  glomerular  and  tubular  activity 
(2a  s)  Thus  the  glomerular  filtrate  rates  relative  to  body  surface  area  are 
fZ  and  an  even  greater  reduction  is  present  in  some,  but  not  all,  of  the 
f  i  and ^absorptive  functions  of  the  tubules.  External  and  mternid 
secreto.y  and  ™  * ‘  A  tes  in  particular  disease  entities  have  occupied 

the  attention  of  Gamble,  parrow.  Butler,  and  lalb,  ^  ^  workers 

colleagues  in  pediatric  and  nonpci  >  formulation  of  a  practical 

have  contributed  directly  or  induce  ly  to  the  formula  on  o 

» «-  rr  z — —« « 

“sriSa"  a.  .x-  .i 
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II.  Predominant  Types  of  Fluid  Disorders  in  Pediatric  I  ractice 

The  most  common  fluid  problem  encountered  by  a  pediatrician  is  acute 
dehydration  and  acute  electrolyte  depletion ;  excesses  of  water  or  electrolytes 
occur  far  less  frequently.  Two  important  differences  distinguish  these  de¬ 
velopments  from  similar  disorders  in  adults:  deficits  and  excesses  are  in¬ 
curred  more  rapidly  in  children  and  such  deficits  or  excesses  are  usually 
not  complicated  by  a  background  of  arteriosclerosis,  congestive  failure,  or 
intrinsic  renal  disease. 

Acute  dehydration  occurs  in  its  least  complicated  form  in  the  infant  who 
has  been  deprived  of  water  and  other  fluids  by  neglect  but  who  is  otherwise 
well  (fig.  20-1)  (4a,  b).  On  the  other  hand  the  combination  of  dehydration 
and  electrolyte  depletion  is  much  more  apt  to  develop  in  the  vomiting, 
diarrheal,  or  sweating  infant  (fig.  20-2  and  20-3)  (5a-m)  or  in  the  infant  or 
older  child  with  intrinsic  disease  of  the  kidney,  diabetic  acidosis  and  coma, 
or  adrenal  cortical  insufficiency  with  or  without  adrenogenital  syndrome  as 
discussed  in  chapter  18  (6a-j).  Finally,  excesses  of  water  and  electrolytes 
such  as  sodium,  chloride,  and  potassium  develop  either  with  the  adminis¬ 
tration  of  these  substances  in  excess  of  the  limits  of  the  excretory  or  other 
regulatory  mechanisms  which  are  operating  normally,  or  as  a  consequence 
of  a  disorder  of  these  homeostatic  adjustments  which  can  then  lead  to 
undue  retention  of  constituents  taken  in  usual  amounts  (3c-e).  The  first 
of  these  is  usually  physician-induced  whereas  the  latter  group  tends  to 
develop  spontaneously  in  patients  with  renal,  cardiac,  hepatic,  or  endocrine 
disorders. 


III.  The  Practicalities  of  Fluid  Therapy  in  Infants  and  Young 

Children 

The  pediatrician  should  have  clearly  in  mind  the  principles  underlying 
resolution  of  the  following  questions:  when  should  parenteral  fluids  be  used? 
which  fluids?  how  rapidly,  via  what  routes,  and  for  how  long?  General 
answers  which  should  in  the  long  run  prove  far  more  valuable  than  specific 
prescriptions  are  advanced  in  the  paragraphs  which  follow. 


A.  Indications  for  Parenteral  Fluids 

Parenteral  fluid  therapy  is  indicated  whenever  infants  or  young  children 

6  1',catJa  '  e  of  tak"’K  and  retaining  an  adequate  intake  via  the  gastro¬ 
intestinal  tract  as  a  result  of  anorexia,  loss  of  consciousness,  voSth'g 

diarrhea,  surgical  procedures,  et  cetera.  As  currently  contrived  parenteral’ 

hcrapy  IS  at  best  a  temporary  and  inadequate  makeshift  for ’a  complete 

.Let.  It  should  be  used  therefore  only  to  prevent  or  to  cancel  deficits  when 
an  oral  intake  is  not  feasible.  uencits  when 
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B.  The  “Ideal”  Type  of  Parenteral  Fluid  and  its  Dosage 

The  composition  of  the  parenteral  fluid  depends  upon  whether  the  normal 
regulatory  or  homeostatic  mechanisms  are  or  are  not  functioning  piopcily. 
If  they  are  essentially  intact,  the  current  trend  is  toward  the  prescription  of 
a  dilute  fluid  which  contains  glucose,  together  with  sodium,  potassium,  and 
chloride  in  amounts  which  are  adequate  for  significant  replacement  if  such 
is  needed  and  which,  if  not  needed,  can  be  readily  and  safely  excreted. 
Phosphate  and  metabolizable  anions  such  as  lactate  are  usually  also  in¬ 
cluded.  The  glucose  provides  calories,  and  thereby  prevents  ketosis  as  a 
consequence  of  overmobilization  of  body  fat,  and  minimizes  the  breakdown 
of  protein.  The  electrolytes  in  such  a  dilute  solution  make  up  for  whatever 
moderate  though  limited  losses  may  be  occurring  in  sweat,  urine,  stool,  et 
cetera.  The  dilute  forms  in  which  such  solutions  are  used  still  provide  ade¬ 
quate  amounts  of  water  for  replacement  of  insensible  losses  through  the 
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Balance  in  Pyloric  Stenosis 

and  "Tb“alosis  «»»*>** 

With  therapy  significant  amounts  of  potassium  w^rretained^ven'th  Thf  n°rmal- 
output  of  this  ion  rose.  Serum  potassium'levdsTnTre^erl^rth^11^  ^  Urinary 
content,  chloride  and  sodium  returned  to  norm-,1  TtZ  ’  l  ^  8GrUm  Ievel  C0* 
tion  decreased  sharply  in  response  to  operation  i.  potassium  rose  and  reten- 

cussed  in  chapter  21.  From  Danowski  et  al  (6b).  '  aCC°rdance  Wlth  the  changes  dis- 
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Fig.  20-3.  Retention  of  Electrolytes  and  without  . . 

Pyloric  Stenosis  or  Infantile  Diarrhea 

Balance  data  are  expressed  in  terms  of  mEq.  per  kg.  of  bod\  weight  per  24  hours 

in  the  case  of  the  electrolytes  and  in  grams  in  the  case  of  nitrogen 

Infant  \  R  ,  age  14  months,  retained  significant  amounts  of  nitrogen  during  - 
coveXtprotra'cted  diarrhea  together  with  positive  balances  of  Cl  Na  and  K  in 
the  other  5  infants  recovering  from  pyloric  stenosis  the  larges 
usually  seen  in  the  case  of  chloride;  the  retention  of  ha  was  less.  K  Ranees 
positive  in  only  3  of  the  infants  w  hile  nitrogen  retention  was  minima  .  (  ro 

ski  et  al  (5a). 

. .  .  ,„nffS  as  well  as  for  the  excretion  of  unnecessary  electrolytes  via 

war -Ji sirs 

and  “Ceiling”  values  suggested  by  lalbot 

These  are  presented  in  table  20-1  am  ’floc  -  authors, 

The  solutions  shown  in  table  20-11  suggested  uy 
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given  at  a  rate  of  approximately  900  to  2/00  cc.  per  24-houi  period  pci 
square  meter  of  surface  area,  will  encompass  the  floor  and  ceiling  values 
cited  earlier.  Solutions  of  the  same  general  type  suggested  by  Butler,  by 
Darrow,  and  others  are  listed  in  table  24-III  (3c-i).  It  is  obvious  however 
that  with  a  more  rapid  rate  of  administration  the  ceiling  can  be  quickly 
surpassed  even  with  these  dilute  solutions. 

C.  Route  and  Duration  of  Parenteral  Therapy 

Such  dilute  solutions  should  be  given  by  vein.  They  should  not  be  given 
subcutaneously  since  they  are  hypotonic  to  body  fluids  and  will  abstract 
extracellular  electrolytes  from  the  patient  and  produce  circulatory  collapse, 
as  illustrated  in  fig.  7-4  (7a).  This  is  akin  to  the  removal  of  electrolytes 
which  occurs  when  the  gastrointestinal  tract  is  lavaged  with  non- 
electrolytic  solutions.  Hyaluronidase  will  not  prevent  such  sequestration  of 
electrolyte  (7b),  though  it  will  of  course  hasten  absorption  of  the  fluid.  It  is 

Table  20-1. 

HOMEOSTATIC  LIMITS  IN  PARENTERAL  FLUID  THERAPY* 


4  'Floor'  ’ 

4  ‘Ceiling4  4 

Glucose 

75  grams/sq. m. /24  hrs. 

350  grams/sq. m. /24  hrs. 

Sodium 

10  mEq.  /sq.m./24  hrs. 

225  mEq.  /sq.m./24  hrs. 

Potassium 

10  mEq.  /sq.m./24  hrs. 

225  mEq.  /sq.m./24  hrs. 

Phosphorus 

0.3  grams/sq.m. /24  hrs. 

2.0  grams/sq. m. /24  hrs. 

Water 

0.7  cc/m.osm.  solute 

10.0  cc/m.osm.  solute 

From  Talbot  et  al  (3e,8) 


Table  20-11. 


(afterLTal’hnJ'IPrE  EEECTR°LYTE  SOLUTION 
(alter  Talbot,  Crawford  and  Butler  (3e)) 

Na 

+ 

40 

roEq/l  of  5%  glucose 

K 

35.5 

”  „ 

Cl" 

40 

”  *»  »» 

Lactate 

20 

” 

Phosphate 

15.5 

”  »  n 
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Table  20-III. 


APPROXIMATE 

RELATIONSHIPS 

OF  BODY  WEIGHT 

BODY  WEIGHT 

SURFACE  AREA 

(Kilograms) 

(Pounds) 

(Square  Meter) 

2 

4.4 

.15 

5 

11.0 

.25 

10 

22.0 

.45 

15 

33.0 

.6 

20 

44.0 

.8 

30 

66.0 

1.05 

40 

88.0 

1.3 

imperative  therefore  to  avoid  the  subcutaneous  route  when  hypotonic  so¬ 
lutions  are  used.  . 

Insofar  as  duration  of  parenteral  fluid  therapy  is  concerned  it  is  univer 

sally  agreed  that  it  should  be  interrupted  as  soon  as  an  adequate  oral  in 
take  is  achieved. 


D.  Use  of  the  Surface  Area  in  Calculating  Dosage  of  Parenteral  Fluids 

Anv  program  of  fluid  therapy  must  take  into  account  the  fact  that  infants 
and  children  vary  in  body  size  and  weight.  As  indicated  above,  the  current 
trend ^is  to'express  needs  and  replacements  in  terms  of  the  body  surface 
area  Most  textbooks  of  pediatrics  have  conversion  tables  based  on  height 
“d  weight,  but  for  practical  purposes  a  table  based  on  weight  alone  suffice^ 
Thus  at  the  Massachusetts  General  Hospital  (8)  the  conversion  factors 

shown  in  table  20-III  are  used. 

IV.  Limitations  of  Dilute  Fluids  in  Parenteral  Therapy 

The  types  of  fluid  described  in  the  preceding  section  have  two  limibations: 
inetyi  -i  ronlqcement  of  large  deficits  of  body 

WHigMtive  Mi™,  «,*«»,  wlrenooortiM  .»• 

sufficiency,  diabetes  insipidus,  et  ^  (  ly  stores  will  require  more 

Rapid  replenishment  o per  ce„t  or  even  higher 

Otassj  deficiencies  such  as 
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those  which  develop  in  diarrheal  infants  (5d-g),  in  diabetic  coma  (6c  g), 
in  pyloric  stenosis  (5a,  b),  more  concentrated  solutions  of  potassium,  up 
to  70  or  80  milliequivalents  per  liter,  can  be  used  (5a-g).  The  precautions 
to  be  taken  against  potassium  intoxication  described  in  chapter  7  should 
be  put  into  routine  practice,  i.e.,  controlled  rates  of  administration  in  all 
patients  to  avoid  hyperkalemia  and  withholding  of  potassium  until  the 
renal  excretory  status  and  the  serum  levels  of  the  ion  have  been  evaluated. 
In  the  latter  regard  the  direct  writing  electrocardiograph  can  be  particularly 
helpful  since  peaking  of  the  T  wave  points  to  rising  concentrations  of  po¬ 
tassium  (chapter  8). 

Limitations  of  homeostatic  regulation  develop  transiently  as  a  result  of 
anaesthesia  and  medication  (such  as  morphine  or  demerol)  and  are  present 
in  more  or  less  permanent  form  in  the  disease  entities  cited  earlier,  i.e., 
in  those  in  which  the  renal,  hepatic,  cardiovascular  or  hormonal  systems 
are  involved  by  disease.  In  the  case  of  anaesthesia  and  surgery  the  input 
of  the  dilute  solutions  should  be  limited  to  some  1500  ml./sq.  meter/24 
hours  in  contrast  to  the  usual  ceiling  of  2700  ml.  (3e,  8).  In  the  special 
situation  therapy  has  to  be  tailored  to  fit  the  particular  patient.  All  of 
these  disease  entities  have  been  discussed  in  detail  in  the  preceding  chapters. 


summary:  The  current  emphasis  upon  pediatric  fluid  therapy  is  upon 
the  provision  of  water  and  solutes  in  amounts  sufficient  to  permit  replace¬ 
ment  of  deficits  without  overburdening  excretoiy  and  regulatory  mechan¬ 
isms.  It  is  recognized  that  major  disease  involving  the  kidney,  heart,  adrenal 
cortices  or  certain  preoperative  or  operative  procedures  compromise  the 
ability  of  the  body  to  make  necessary  adjustments  in  body  fluid  composi¬ 
tion  and  to  dispose  of  water  and  solute  loads.  In  most  instances  of  simple 
dehydration  or  depletion  the  provision  of  an  intake  of  hypotonic  fluid  in 
accordance  with  the  size  of  the  infant  ,  as  reflected  in  the  body  surface  area 
will  permit  adequate  and  safe  replenishment. 
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Chapter  21 

BODY  FLUID  PROBLEMS  IN  SURGICAL 

PATIENTS 


Many  of  the  problems  encountered  by  the  internist  and  pediatrician  are 
also  present  in  surgical  patients.  1  hus  starvation,  dehydration,  sweating, 
renal  insufficiency  and  congestive  failure  are  all  potential  concomitants  of 
surgical  disease  entities.  The  surgeon  is  in  addition  faced  at  times^  with 
hazards  related  to  the  particular  surgical  problem  or  to  its  therapy.  These 
special  problems  include  the  uncomplicated  pre-  and  postoperative  fluid 
prescription,  the  relief  of  gastrointestinal  obstruction  by  suction,  the  re¬ 
placement  of  deficits  incurred  through  trauma,  burns,  vomiting,  ileal  or 
other  gastrointestinal  drainage,  the  therapy  of  shock,  the  control  of  adreno¬ 
cortical  manifestations,  the  care  of  patients  subjected  to  adrenalectomy  or 
hypophysectomy,  and  finally  the  preparation  of  patients  for  major  cardio¬ 
vascular  surgery. 


I.  The  Metabolic  Responses  to  Surgery 

It  is  obvious  from  the  detailed  studies  of  Moore,  of  Hardy  and  of  others 
that  surgical  procedures  with  the  comcomitant  anaesthesia  produce  a  am 
of  metalmlic  changes  (la-f).  These  are  set  in  motion  by  the  events  atten- 
dant  upon  surgery,  i.e.,  by  the  trauma  of  section 
the  starvation  and  immobilization  which  are  present  in  greater  o 
degre"likely  that  there  are  in  addition  other  as  y«  —  ^ 

tors  psychogenic  and  physiologic,  which  also  serve  as  stimuli  Tins  ma 

and  unknown  stimuli  in  turn  sets  off  response s  m  v * ch  h^o 
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following  series  of  changes: 

a)  elevation  of  the  body  temperature 

b)  rise  in  the  pulse  rate 

c)  diminution  in  urine  volume 

d)  increased  urinary  output  of  nitrogen 

e)  increased  urinary  output  of  potassium 

f)  decreased  urinary  excretion  of  sodium 

g)  loss  of  weight  suggestive  of  a  decrease  on  body  fat 

The  finding  of  an  increased  urinary  output  of  steroids  together  with  the 
demonstration  of  a  variable  decrease  in  circulating  eosinophils  points  to 
increased  adrenocortical  activity.  In  accordance  with  the  known  effects  of 
adrenocortical  steroids  as  described  in  chapter  18  this  could  by  itself  ex¬ 
plain  the  sodium  retention,  and  the  nitrogen  and  potassium  losses  in  the 
above  catalogue  of  events.  It  could  also  be  responsible  for  part  if  not  all 
of  the  decrease  in  urine  volume  and  increase  in  fat  utilization.  These  changes 
are  evident  for  three  to  five  days  in  uncomplicated  surgical  cases  and  are 
followed  by  reconstitution  of  body  components.  Thus,  nitrogen  and  potas¬ 
sium  are  retained  while  a  diuresis  of  sodium  and  water  occurs;  body  weight 
rises  (see  fig.  3-11).  The  immediate  postoperative  retentions  of  water  and 
sodium,  as  well  as  the  later  retention  of  sodium,  are  illustrated  in  fig.  21-1. 

It  is  particularly  important  that  this  normal  response  to  surgery  be 
recognized  and  that  unnecessary  attempts  to  overcompensate  for  its  effects 
be  avoided  (Ig).  Actually  it  is  self -limited  and  presents  a  problem  only  when 
it  is  superimposed  on  pre-existing  derangements  or  when  it  is  prolonged 
by  complications  of  the  surgical  procedure  or  in  the  underlying  disease. 

In  patients  with  pre-existing  deficits  these  effects  of  surgery  may  be  less 
pronounced,  possibly  because  the  patient  has  already  responded  to  the 
stimuli  which  resulted  in  the  deficits  or  because  the  response  mechanisms 
are  fatigued.  This  does  not  mean  however  that  in  these  patients  surgical 
procedures  are  less  traumatic  but  rather  that  the  normal  responsiveness  to 
such  stimuli  is  lacking.  An  excellent  argument  can  therefore  be  advanced 
for  replenishment  of  body  constituents  prior  to  surgical  intervention.  If 
is  is  not  feasible,  supplementation  of  endogenous  adrenocortical  steroids 
with  cortisone  or  hydrocortisone  is  indicated. 


The  de  erra  of  recovery  by  virtue  of  surgical  or  disease  complications 
1  also  alter  the  pattern  of  metabolic  response.  New  stimuli  are  introduced 
the  recovery  phase  is  deferred,  and  starvation  and  immobilization  are 
piolonged.  1  he  resultant  derangements  of  body  homeostasis  are  then  ag 
g r  ayatcd  by  renal  or  circulatory  failure  and  by  losses  of  body  fluids  through 
amage  or  exudation,  or  via  injudicious  prescription.  The  prevention  and 

wlichToUow  Seql'C,ae  are  diSCUSSed  in  further  de“  m  the  sections 
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In  elective  operations  in  patients  previously  well,  fluid  is  prescribed  only 
for  the  replacement  of  concurrent  losses.  In  uncomplicated  situations  these 
consist  of  the  insensible  loss  of  water  via  the  skin  and  lungs  and  the  urinary 
output.  This  is  graphically  presented  in  figure  21-2  taken  from  Abbott.  As 
pointed  out  in  Part  II  of  this  book,  about  1500  cc.  of  10  per  cent  glucose 
in  water  will  meet  these  needs  since  we  can  count  on  renal  conservation  to 
prevent  undue  sodium  losses.  If  convalescence  is  protracted  or  complicated 
and  urinary  function  is  intact,  potassium  salts  should  be  added  in  amounts 
sufficient  to  provide  a  daily  intake  of  80  to  160  milliequivalents  of  the  ion. 
This  will  replace  the  urinary  losses  of  this  ion  which  continue  unabated  in 
ill  patients  despite  a  lack  of  an  adequate  intake.  One  of  the  solutions  de¬ 
scribed  in  chapter  24  will  provide  these  amounts  in  a  reasonable  volume. 

Obviously  in  patients  in  whom  preoperative  deficits  of  water  or  of  the 
chief  electrolytes,  i.e.,  sodium,  chloride,  or  potassium,  have  developed,  re¬ 
placement  should  precede  surgery.  There  is  unfortunately  no  simple  rule 
of  thumb  which  will  accurately  predict  the  patient’s  replacement  needs 
(lh).  Certain  helpful  experiences  in  deciding  upon  orders  of  magnitude  are 
discussed  in  detail  in  chapter  23. 
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Fig.  21-2.  Orders  of  Magnitude  of  Possible  Fluid  Losses  Via  the 
Gastrointestinal  Tract  and  Related  Routes 
From  Abbott  (li) 


In  terms  of  general  principles  it  is  well  to  keep  in  mind,  a)  that  the  daily 
input  must  exceed  the  concurrent  losses  if  deficits  are  to  be  replaced,  b) 
that  in  terms  of  volume  the  ordinary  intravenous  input  should  be  confined 
to  three  liteis  per  day  in  adults  but  that  with  drainage,  vomiting  or  sweat¬ 
ing  five  or  six  liters  can  and  must  be  given,  c)  that  in  an  adult  deficits  may 
leach  as  high  as  114  ml.  per  kg.  of  body  weight  in  the  case  of  water,  and 
32.5  and  21.7  milliequivalents  per  kilogram  of  body  weight,  respectively, 
in  the  case  of  sodium  and  potassium  (see  chapter  23),  d)  that  in  replacing 
water  deficits  solutions  which  contain  sodium  will  only  aggravate  the  hv- 
pertonicity  and  preempt  water  for  urinary  excretion,  e)  that  in  sodium 
replacement  physiologic  or  0.9  per  cent  sodium  chloride  usually  provides 
too  great  an  excess  of  chloride  and  hence  %  molar  lactate  or  Ringer’s  lac¬ 
tate  are  often  preferable,  f)  that  the  administration  of  potassium  is  safe 
only  when  renal  function  is  adequate,  i.e.,  BUN  or  NPN  is  not  elevated 
urme  is  being  elaborated,  and  the  rate  of  inflow  is  restricted  to  approxi¬ 
mately  35  milliequivalents  per  hour,  g)  that  the  kidney  will  adjust  within 
imits  but  only  within  limits,  for  errors  of  judgment  in  the  administration 
of  the  chief  body  fluid  constituents;  conversely,  inadequate  renal  function 
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Fig.  21-3.  Postoperative  Gastric  Fluid  Loss  with  Electrolyte  Depletion 

and  Death 

The  routine  parenteral  fluid  therapy  failed  to  replace  adequately  the  water  and 
electrolytes  contained  in  the  increasingly  greater  amounts  of  gastric  fluid  removed 
by  suction  from  a  non-functioning  gastrojejunostomy.  The  preventable  result  was 
dehydration,  extracellular  electrolyte  depletion,  metabolic  alkalosis  and  tetany, 
irreversible  shock,  and  death.  (Elkinton  et  al.,  unpublished  case  study  in  another 

hospital.) 

greatly  increases  the  need  for  precise  fluid  prescriptions  since  these  compen¬ 
sating  adjustments  are  limited  or  lost,  h)  that  the  route  of  administration 
is  especially  important  since  salt-free  hypodermoclyses  produce  temporary 
salt  depletion  (see  fig.  7-4)  and  since  the  rates  of  absorption  from  subcutan¬ 
eous  tissues  are  unpredictable,  even  though  hyaluronidase  does  accelerate 
the  process,  and  finally  i)  that  the  status  of  the  circulation  and  of  the  kid¬ 
ney  i  e  shock,  congestive  failure,  lower  nephron  nephrosis,  et  cetera,  can 
be  kn  extremely  important  factor  limiting  the  efficacy  of  replacement 

fluids. 

HI.  The  Problem  of  Gastrointestinal  f  luid  Losses  m  Surgical 

Patients 

The  prevention  or  replacement  of  deficits  occasioned  by  losses  of  gastro¬ 
intestinal  secretions  is  one  of  the  most  frequent  problems  faced  by  the 
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surgeon  (li).  With  regard  to  the  former  it  is  usually  recognized  that  con¬ 
tinuation  of  an  oral  intake  in  a  vomiting  patient,  even  when  limited  to  ice 
chips  only  aggravates  the  vomiting  and  the  electrolyte  losses  (2a).  lota 
withdrawal  of  all  oral  intake  and  maintenance  on  parenteral  fluids  will  stop 
vomiting  in  many  patients.  However,  those  with  marked  upper  gastroin¬ 
testinal  tract  obstruction  will  continue  to  pour  out  large  amounts  of  fluid 
even  though  oral  intake  is  cut  off  (2b).  It  is  customary  to  intubate  these 
and  drain  off  the  secretions  with  or  without  concomitant  lavage.  Recourse 
to  the  latter  may  give  rise  to  major  problems. 

First,  if  lavage  is  employed,  distilled  water  or  aqueous  electrolyte-free 
solutions  must  be  assiduously  avoided,  since  they  inevitably  produce  elec¬ 
trolyte  depletion  due  to  diffusion  of  ions  into  the  salt-free  fluid.  Such  solu¬ 
tions  have  the  same  effect  as  water  by  mouth,  i.e.,  electrolytes  pour  into 
the  fluid  which  reaches  the  stomach  and  are  lost  in  subsequent  drainage 
or  vomitus.  The  net  effect  is  sodium  depletion,  circulatory  collapse,  and 
renal  failure  as  detailed  in  chapters  6  and  7  and  illustrated  in  figures  6-5, 
7-2,  7-4.  Hence  lavage  solutions  should  approximate  extracellular  fluid  in 
composition,  or  at  least  be  limited  to  0.9  per  cent  saline  if  electrolyte 
depletion  is  to  be  avoided. 

Second,  if  lavage  solutions  are  used,  particular  care  must  be  taken  to 
quantitate  the  intake  and  output  since  only  in  this  way  will  the  magnitude 
of  the  body  fluid  loss  become  known.  Without  such  knowledge  maintenance 
or  replacement  prescriptions  of  body  fluids  cannot  be  intelligently  devised; 
with  it  replacement  volumes  can  be  readily  estimated.  The  composition  of 
such  replacement  fluids  will  depend  in  turn  upon  the  particular  gastro¬ 
intestinal  secretions  which  are  lost  and  the  concomitant  exchanges  via 
routes  other  than  the  gastrointestinal  tract. 

In  table  21-1  the  electrolyte  content  of  secretions  obtained  from  various 
parts  of  the  gastrointestinal  tract  is  listed  (2c-h).  It  is  to  be  noted  that 
sodium  is  about  equally  prevalent  throughout,  that  chloride  is  highest  in 
gastric  juice  and  diminishes  distal  to  the  pylorus  as  bicarbonate  content 
lises,  and  that  the  concentrations  of  potassium  in  the  various  secretions 


are  several  fold  higher  than  those  present  in  extracellular  fluids.  The  range 
of  volumes  observed  clinically  is  shown  in  figure  21-2.  As  discussed  in  chap¬ 
ter  7,  however,  it  should  be  kept  in  mind  that  hypochloremic  alkalosis 
points  to  the  existence  of  either  a  predominant  chloride  deficit  or  to  a  cel¬ 
lular  deficiency  of  potassium,  alone  or  in  combination.  This  distinction  is 
generally  made  in  the  reports  of  potassium  deficiency  in  surgical  patients 
(3a-z)  and  the  importance  of  potassium  deficits  in  the  genesis  of  experi¬ 
mental  paralytic  or  adynamic  ileus  is  often  cited  (4a-f).  These  findings 
together  with  those  of  Harrow  and  Susan  Gower  Smith  indicating  muscular 
necrosis  (oa,  b)  and  of  Cannon  showing  the  limitations  in  protein  repletion 
which  appear  with  potassium  deficits  (5c,  d),  amply  justify  the  surgeon’s 
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Nongastric  pts. (41)  Gastric 


McGowan  &  Stanley  (2g)  Peptic  ulcer  Gastric  ,  12  (  20-  90)  (  5-19)  (0-2)  (80-152) 

Gastritis 
Hypokalemia 
Hypocalcemia 
Met.alk;  resp. acid 
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attention  to  body  potassium  stores  even  though  at  present  there  is  no  ex¬ 
perimental  evidence  that  wound  healing  itself  is  compromised  under  such 
circumstances  (6a,  b).  Postoperative  gastrointestinal  fluid  loss  with  re¬ 
sultant  electrolyte  depletion  and  death,  is  illustrated  in  fig.  21-3. 

The  most  precise  type  of  replacement  is  based  upon  direct  analyses  of 
these  fluids  in  the  individual  patients,  supplemented  by  examinations  of 
the  urinary  output  and  the  blood  and  serum  solute  levels.  In  the  absence 
of  such  balance  data  intelligent  estimates  can  be  made  from  a  knowledge 
of  the  output  volume,  utilizing  the  average  compositions  as  listed  above. 
Serum  levels  are  then  particularly  helpful  in  reflecting  the  adequacy  of 
therapy. 


IV.  The  Recognition  and  Therapy  of  Shock  in  Surgical  Patients 

It  may  not  be  amiss  to  point  out  that,  as  in  medical  patients,  the  simple 
presence  of  a  normal  blood  pressure  does  not  exclude  cardiovascular  col¬ 
lapse.  In  addition  to  the  hypertensive  patients  who  drop  only  to  normoten- 
sive  levels  following  dehydration,  hemorrhage,  trauma  or  burns,  there  are 
those  who  have  marked  impairment  of  circulatory  efficiency  without  drop 
in  blood  pressure.  In  the  latter  group  blood  pressure  readings  remain  nor¬ 
mal  by  virtue  of  shunting  or  vasoconstriction  which  deprives  tissues  of 
their  ordinary  complement  of  blood  flow  and  oxygen.  Hence  awareness  of 
these  adjustments  must  prevail  if  therapy  is  to  be  undertaken  before  the 
traditional  signs  of  hypotension,  weak  and  rapid  pulse,  mottled  skin,  et 

cetera,  appear. 


A.  Use  of  Crystalloids,  Colloids,  and  Norepinephrine  in  the  Therapy  of 
Surgical  Shock 

In  shocked  subjects  the  blood  pressure  can  be  restored  by  the  intra¬ 
venous  infusion  of  saline  or  even  of  glucose,  though  glucose  in  water  should 
not  be  used  for  this  purpose,  provided  that  these  solutions  are  given  in 
adequate  volumes  (7a).  They  are,  however,  not  as  efficient  in  this  regard  as 
are  solutions  which  contain  colloids,  i.e.,  blood,  plasma,  human  serum  al- 
bumin  or  plasma  substitutes  such  as  dextran,  oxygelatin,  and  po  yvinylpyr- 
rolidone  (see  table  24-1V)  (7b,  c).  The  greater  effectiveness  of  the  latter 
group  with  regard  to  volumes  needed  and  duration  of  response  are  m  large 
measure  aseribable  of  course  to  the  fact  that  the  macromolecules  remain 
in  the  vascular  system  much  longer  than  do  crystalloids. 

Experience  is  accumulating  which  indicates  that  norepinephrine  can 

"noidlffil  to  restore 
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dynamics  are  altered  (8b) ;  trials  in  humans  suggest  that  it  can  be  used  foi 
several  days,  4  ml.  of  1:1000  norepinephrine  per  1000  cc.  of  saline  or  glu¬ 
cose  given  as  necessary  with  ultimate  uneventful  recovery  (8a). 


B.  Lower  Nephron  Nephrosis,  i.e.,  Acute  Tubular  Damage  as  a  Complication 
of  Surgical  Shock 

It  is  generally  recognized  that  anuria  on  the  basis  of  acute  tubulai  damage 
may  supervene  following  a  bout  of  hypotension,  ihis  subject  is  discussed 
in  greater  detail  in  chapter  12,  but  it  should  again  be  emphasized  that  ex¬ 
cessive  administration  of  glucose  in  water  in  an  attempt  to  induce  diuresis 
is  a  common  and  dangerous  error.  The  surgeon  must  be  equally  alert,  how¬ 
ever,  in  identifying  instances  of  less  extensive  injury  of  this  type  in  which 
renal  inefficiency  rather  than  anuria  appears.  In  such  patients  the  NPN 
may  rise  in  the  face  of  a  seemingly  adequate  or  more  than  adequate  urine 
flow,  or  evidences  of  electrolyte  wastage  may  appear.  All  of  these  represent 
instances  of  tubular  damage  which  is  insufficient  to  block  urine  flow  but 
which  does  disrupt  renal  function.  Therapy  of  this  disorder  is  also  detailed 
in  chapter  12. 


V.  Fluid  Aspects  of  Adrenalectomy  or  of  Hypophysectomy 

A.  Basis  for  Replacement  Therapy  Following  Adrenalectomy 

Adrenalectomy  as  the  sole  or  adjunct  procedure  for  control  of  metastatic 
cancer  or  hypertensive  vascular  disease  is  now  undergoing  clinical  trial 
(9a-c).  The  control  of  water  and  electrolyte  metabolism  following  com¬ 
plete  removal  of  the  adrenals  presents  some  problems  even  though  certain 
fundamental  principles  are  applied.  Before  discussion  of  these,  however, 
it  should  be  pointed  out  that  in  patients  subjected  to  partial  adrenalectomy, 
usually  some  functioning  tissue  is  left. 

In  the  chapter  dealing  with  the  adrenal  cortex  (chapter  18)  it  was  pointed 
out  that  from  the  electrolyte- water  point  of  view  patients  with  classical 
Addison’s  disease  show  renal  wastage  of  sodium,  chloride  and  water.  When 
the  extracellular  stores  of  these  constituents  become  decreased,  as  a  conse¬ 
quence  of  an  intake  inadequate  to  cover  the  urinary  losses,  the  circulatory 
collapse  ot  salt  depletion  appears.  Prior  to  and  concomitant  with  such 
circulatory  collapse  evidences  of  undue  potassium  retention,  involving  both 
the  cellular  and  extracellular  phases,  are  present.  Usually  the  resultant 
hyperkalemia  is  not  of  sufficient  magnitude  to  produce  cardiac  standstill 

These  electrolyte  changes  are  accompanied  by  disturbances  in  the  inter¬ 
mediate  metabolism  of  foodstuffs:  the  rates  of  absorption  of  sugars  and 
other  foodstuffs  from  the  gastrointestinal  tract  are  diminished,  gluconeogen- 
esis  from  amino  acids  and  other  precursors  falls  off,  the  block  of  peripheral 
utilization  of  glucose  by  adrenocortical  steroids  is  removed,  and  glycogen 
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formation  is  decreased.  The  net  effect  of  these  changes  is  a  pronounced 
tendency  to  hypoglycemia. 

Most  of  the  Addison’s  cases  also  show  evidences  of  diminished  androgenic 
secretion  with  loss  of  libido,  decreased  17-ketosteroid  excretion,  and  dimin¬ 
ished  muscle  strength. 

Hence  from  the  medical  viewpoint  Addison’s  disease  which  develops 
spontaneously  has  always  been  regarded  as  an  illness  serious  enough  to 
jeopardize  life,  even  during  therapy.  The  addition  of  cortisone  and  hydro¬ 
cortisone,  Compounds  E  and  F,  to  the  usual  program  of  desoxycorticoster- 
one  acetate  therapy  has  improved  the  outlook.  These  patients  now  do  quite 
well  on  an  ordinary  intake  of  sodium  without  potassium  restriction,  pro¬ 
vided  that  extra  amounts  of  cortisone  are  given  during  infections,  surgery, 
etc.  The  totally  adrenalectomized  patients  also  do  quite  well  on  this  type 
of  regimen.  Usually  2  to  5  mg.  of  DOCA  and  25  to  50  mg.  of  cortisone  are 
used  each  day.  The  former  controls  electrolyte  and  water  metabolism  while 
the  latter  corrects  the  abnormalities  in  the  intermediate  metabolism  of 
foodstuffs  (9a-c). 

Our  limited  observations  make  us  feel  that  the  adrenalectomy  cases  do 
somewhat  better  than  the  spontaneous  Addison’s  cases.  1  his  may  be  le- 
lated  to  the  fact  that  replacement  therapy  is  instituted  immediately  follow¬ 
ing  loss  of  the  endogenous  secretions,  whereas  in  the  spontaneous  disease 
months  and  perhaps  years  may  elapse  with  various  degrees  of  untreated 

insufficiency. 


B.  Anterior  II ypophysedomy  and  Its  Effects 

The  surgical  removal  of  the  anterior  hypophysis  is  also  being  tested  as 
a  therapeutic  procedure  for  metastatic  or  generalized  cancer  (lOa-c).  If 
this  is  successfully  accomplished  it  removes  the  trophic  or  tropic  hormones 
ordinarily  elaborated  by  this  endocrine,  including  the  growth-diabetogenic 
factor  the  hormones  which  stimulate  the  thyroid,  adrenal  cortex,  the 
gonads,  the  mammary  gland  and  possibly  the  melanophore  factor  In  pa¬ 
tients  with  Sheehan’s  Syndrome  or  Simmonds’  Disease  in  which  destruction 
of  the  anterior  pituitary  has  occurred  the  onset  of  symptoms  relative  o 
hypofunction  of  the  target  glands  is  insidious.  The  first  signs,  as  pointe 
out  in  chapter  17,  are  apt  to  be  those  related  to  gonadal  hypofunction  i.e 
loss  of  libido,  amenorrhea,  etc.;  hypothyroidism  is  next  in  order  of  fre 
quency;  adrenocortical  insufficiency  becomes  manifest  with  stress  situations 
and  may  not  be  evident  under  ordinary  circumstances  (10d).  Hence,  it 
obvious  that  a  lowered  level  of  generalized  endocrine  activity  supeivene 
without  dramatic  onset.  This  is  compatible  with  a  period  o  survival  which 
is  longer  than  the  expectancy  with  most  cases  of  metastatic  ne0Plas  , 
symptoms  'become  troublesome,  replacement  therapy  must  be  undertaken 
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with  caution,  since  thyroid  administration  can  provoke  adrenocortical 
insufficiency. 

VI.  Body  Fluid  Problems  in  Cardiac  Surgery 

It  must  be  kept  in  mind  that,  even  though  the  various  surgical  approaches 
to  correction  of  congenital  and  other  defects  of  the  heart  and  great  vessels 
are  elective,  the  body  fluids  may  or  may  not  be  normal  prior  to  surgery. 
New  steady  states  of  distant  or  of  recent  origin  are  often  present  and  the 
surgeon  is  faced  with  the  problem  of  deciding  whether  an  attempt  should 
be  made  to  correct  these  abnormalities  prior  to  surgery.  Experience  is  as 
yet  limited  in  this  field  but  what  has  been  recorded  together  with  certain 
general  principles,  permits  intelligent  treatment  of  this  problem. 

A.  The  State  of  the  Plasma  and  Blood  Volumes  in  Patients  Undergoing 
Cardiac  Surgery 

In  anoxic  cardiopulmonary  disorders  relative  and  absolute  increases  in 
red  cell  and  in  blood  volume  are  usually  present  (11).  In  the  congenital 
abnormalities  of  the  heart  the  relative  blood  cell  volume  or  hematocrit 
reaches  up  to  70  or  80  volumes  per  cent,  values  which  are  almost  double 
those  present  in  health.  The  withdrawal  and  processing  of  such  blood, 
whether  arterial  or  venous,  amply  illustrate  that  its  viscosity  is  unduly 
high  and  suggests  that  the  compensatory  erythremia  in  response  to  anoxia 
has  exceeded  the  optimal  boundaries.  Obviously  the  circulation  of  such  a 
fluid  represents  an  extra  cardiac  burden  which  may  require  relief.  First, 
the  possible  benefits  of  lowering  the  relative  hematocrit  by  withdrawal  of 
whole  blood  and  replacement  of  plasma  should  be  considered.  Second, 
maintenance  of  circulatory  efficiency  at  maximal  levels  should  be  under¬ 
taken  prior  to,  during,  and  after  surgery  by  measures  such  as  oxygen  ther¬ 
apy,  digitalization  and  judicious  limitation  of  fluid  therapy.  Finally,  the 
importance  of  avoiding  prolonged  surgery  has  been  amply  emphasized  by 
the  workers  in  this  field. 


B.  The  Possible  Harmful  Effects  of  Antecedent  Regimens 

Many  patients  with  cardiac  lesions  who  develop  symptoms  or  signs  in¬ 
terpreted  as  indicative  of  decompensation  are  placed  on  sodium  restricted 
legimens.  Ihese  are  at  times  supplemented  by  diuretics  or  by  agents  such 
as  cation  exchange  resins.  Hence  the  possibility  is  always  present  that  such 
patients  can  develop  sodium  depletion.  This  is  most  apt  to  occur  of  course 
during  intervals  of  extrarenal  sodium  loss  as  in  sweat,  vomitus  or  feces 
superimposed  upon  whatever  urinary  excretion  of  sodium  may  be  present, 

n  iously  such  patients  would  enter  upon  surgery  with  the  additional  un¬ 
necessary  burden  of  salt  depletion  with  its  attendant  circulatory  ineffi- 
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ciency.  This  possibility  must  therefore  always  be  raised  prior  to  actual 
surgery  and  the  question  resolved,  insofar  as  it  can  be,  by  measurements 
of  blood  and  serum  solutes.  In  such  patients  the  recent  advent  of  an  in¬ 
creased  BUN  or  NPN  together  with  hyponatremia  virtually  establishes  the 
presence  of  sodium  depletion  and  contraindicates  surgery  until  such  deficits 
are  replaced.  As  has  been  pointed  out  in  chapter  13,  this  form  of  hyponatre¬ 
mia  is  to  be  differentiated  from  the  new  steady  state  which  develops  in 
some  instances  of  congestive  failure  and  which  is  of  extremely  ominous 
portent.  The  identification  of  such  individuals  and  the  therapy  indicated 
have  been  set  forth  in  the  chapter  on  Congestive  Heart  Failure.  On  the 
other  hand  a  certain  number  of  patients  who  have  undergone  cardiac  sur¬ 
gery  develop  hyponatremia  which  appears  to  be  transient  and  less  grave. 
In  such  instances  it  seems  probable  that  the  altered  levels  of  sodium  are 
in  great  measure  attributable  to  water  retention,  presumably  secondary  to 
limitations  of  the  regulating  mechanisms  and  perhaps  aggravated  by  intake 
(12a-e).  The  possibility  of  an  associated,  though  limited,  preoperative  so¬ 
dium  depletion  has  not  been  excluded  in  these  patients. 

VII.  Conclusion 

From  this  review  of  body  fluid  disturbances  in  surgical  patients  it  should 
be  apparent  that  the  same  common  denominators  are  present  on  surgical 
wards  as  well  as  on  medical  and  pediatric  services.  The  problems  facing  the 
surgeon,  however,  are  often  more  urgent  and  more  frequent  than  those 
facing  his  medical  colleagues.  For  this  reason  much  of  our  knowledge  of 
both  the  practical  and  the  theoretical  aspects  of  body  fluid  therapy  has 
come  from  investigations  of  surgical  patients.  The  understanding  and  the 
intelligent  management  of  these  problems,  however,  know  no  departmental 

boundaries. 


Summary:  It  is  now  recognized  that  slight  increases  in  body  temperature 
and  pulse  rate,  decreases  in  urine  volume  and  body  weight,  retention  ol 
sodium,  and  increased  excretion  of  potassium  and  nitrogen  represent  meta¬ 
bolic  effects  of  uncomplicated  surgery.  These  manifestations  aie  self-  inn 
They  may  he  altered  or  recpiire  therapeutic  attention  in  patients  mider- 
n;ntr  ,)rotracted  pre-surgical  or  post  surgical  courses  with  gastrointestinal 
fluhl  hC  circulatory  and  renal  problems,  etc.  The  fundamenta  principles 
f  fluid  therapy  in  these  and  other  types  of  surgical  patients  can  he  lediu 
to  simple  terms,  defining  volume  and  composition  of  the  rep  acement  so  m 
l0  ™  '  accordance  with  well-established  physiologic  limitations.  Ihese 
Ipl  evenly  some  of  the  newer  developments  in  surgery  such  as  adren¬ 
alectomy,  hypophysectomy,  and  cardiac  suigoiy. 
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PART  IV 


Clinical  Dicta  and  Practical  Therapeutics 


.  there  is  no  separate  science  of  medicine  or 
physiology,  there  is  only  a  science  of  life.” 

Claude  Bernard  in  An  Introduction  to  the  Study 
of  Experimental  Medicine 


Chapter  22 

CLINICAL  AN1)  LABORATORY  ASSESSMENT 
OF  BODY  FLUID  DISTURBANCES 


To  apply  the  principles  of  body  fluid  physiology  presented  in  Parts  I 
and  II  to  the  care  of  sick  patients  in  general  as  well  as  those  ill  with  one 
or  another  of  the  disease  entitites  discussed  in  Part  III,  the  physician  re¬ 
quires  certain  practical  knowledge  and  skills.  These  include  a  working 
knowledge  of  the  clinical  and  laboratory  methods  of  diagnosis,  an  ability 
to  assess  the  specific  requirements  of  fluid  therapy,  and  a  familiarity  with 
the  technics  necessary  to  implement  that  therapy. 


I.  The  Basic  Approach  to  the  Problem 

In  treating  the  disturbed  body  fluids  of  a  sick  patient  the  physician  goes 
through  four  essential  steps.  1)  When  first  confronted  with  the  problem  he 
makes  the  best  tentative  diagnosis  possible  from  the  history  and  physical 
examination  of  the  patient  (e.g.,  vomiting,  diarrhea,  hypotension  suggest 
a  deficit  of  extracellular  fluid).  2)  If  the  tentative  diagnosis  is  sufficiently 
specific,  he  applies  his  knowledge  of  the  pathological  physiology  of  that 
particular  condition  (e.g.,  diabetic  ketosis  is  almost  always  accompanied 
by  deficit  of  extracellular  sodium  and  water,  relative  excess  of  ketone  acids, 
and  deficit  of  intracellular  potassium).  3)  Then  and  then  only  does  he  turn 
to  the  laboratory  for  biochemical  aid  in  making  the  diagnosis.  Usually 
such  aid  consists  of  determining  the  concentrations  of  various  body  fluid 
constituents  in  blood  or  serum.  If  so,  these  measurements  furnish  only 
indirect  clues  to  changes  in  other  dimensions  and  in  other  portions  of  the 
body  fluids  and  so  must  be  interpreted.  4)  In  light  of  the  three  foregoing- 
steps  the  physician  then  makes  the  best  estimate  of  the  patient’s  require 
ments,  administers  fluids  as  judgment  dictates  and  observes  the  result 

~  he  then  modifies  hi*  ^^ure  therapy  accordingly. 

All  intelligent  fluid  therapy  is  really  a  matter  of  trial  and  error.  This  is 
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so  even  though  absolute  measurements  may  be  made  of  the  volume  of 
specific  portions  of  the  body  fluids  and  changes  in  ionic  content  may  be 
calculated  from  these  and  the  associated  concentration  values.  Since  intra¬ 
cellular  concentrations  are  not  readily  sampled,  exchanges  between  cel  s 
and  extracellular  fluid  are  difficult  to  predict  quantitatively,  and  future 
concomitant  exchanges  with  the  environment  can  only  be  roughly  esti¬ 
mated.  Thus  the  precise  amount  of  water  to  restore  urine  flow  in  dehydra¬ 
tion,  the  precise  amount  of  blood  to  restore  the  blood  pressure  aftei  hemor¬ 
rhage,  the  exact  amount  of  sodium  lactate  or  sodium  bicarbonate  to  restore 
the  blood  pH  or  buffer  base  concentration  to  normal  in  metabolic  acidosis, 
or  the  precise  amount  of  potassium  to  reconstitute  a  deficit  of  intracellular 
potassium,  are  all  a  matter  of  therapeutic  trial.  Knowledge,  judgment  and 
experience  enter  into  the  making  of  the  best  estimate  possible  from  the 
evidence  at  hand  (la-p). 

A.  De  Novo  and  Day  by  Day  Assessment 

The  patient  first  seen  obviously  presents  a  different  problem  in  assess¬ 
ment  of  fluid  requirements  from  the  patient  who  has  been  under  observa¬ 
tion  in  the  hospital  from  day  to  day.  In  the  latter  case  some  quantitative 
information  should  be  available  concerning  prior  fluid  intake,  prior  fluid 
output,  and  clinical  manifestations  of  body  fluid  abnormalities.  Routine 
measurements  of  total  intake  and  output  of  fluid  are  well-known  to  be 
subject  to  error,  but  are  nevertheless  extremely  helpful  in  guiding  therapy. 
The  daily  change  in  weight,  if  known,  is  of  the  greatest  value  and  trends 
in  serum  electrolyte  concentrations  usually  yield  more  information  than 
single  determinations. 

II.  Diagnosis  of  Specific  Abnormalities  of  Certain  Fluid 

Constituents 

A.  Water  (Table  22-1) 

The  principal  symptom  of  deficit  of  water  or  dehydration  is  thirst — if  the 
patient  is  sufficiently  conscious  and  able  to  indicate  it.  The  major  signs 
aie  oliguria  and  rapid  weight  loss.  Dryness  of  the  mucus  membranes,  loss 
of  skin  turgor  (where  there  is  no  other  reason  for  diminished  elasticity ’such 
as  age),  and  fever,  are  suggestive  but  not  pathognomonic  signs.  Biochemical 
signs  are  those  indicating  loss  of  water  relative  to  solutes  in  the  body  fluids: 
elevated  relative  red  cell  volume  (hematocrit  value)  and  hemoglobin  con- 
centratwn,  elevated  serum  sodium  concentration  or  hyperelectrolytemia 
(2a  e).  This  important  sign  of  hypernatremia  is  absent  only  if  there  has 
been  a  loss  of  electrolyte  concomitant  with  the  loss  of  water  The  best 
evidence  of  the  existence  of  pure  dehydration  is  the  restoration  of  urinary 
volume  following  administration  of  several  extra  liters  of  electrolyte-free 
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solutions  (water  by  mouth,  five  or  ten  per  cent  glucose  solutions  by  vein). 
Such  a  therapeutic  test  should  be  tried  with  caution  in  patients  in  shock 
or  in  whom  severe  intrinsic  renal  damage  is  suspected. 

Excess  of  water  or  overhydration  without  accompanying  retention  of 
electrolyte  almost  always  is  associated  with  excessive  administration  of 
salt-free  solutions  during  renal  shutdown.  Clinically  it  is  manifested  by 
restlessness,  apprehension,  muscular  twitching,  muscle  cramps,  or  the  con¬ 
vulsions  of  water  intoxication  (3a-c).  Edema  may  be  present  and  the  car¬ 
dinal  biochemical  sign  is  hyponatremia. 


B.  Sodium  and  Chloride  ( Table  22-1 ) 

Deficits  of  sodium  are  usually  accompanied  by  deficits  of  other  extra¬ 
cellular  ions,  especially  chloride,  and  of  extracellular  water.  History  of  any 
condition  associated  with  the  renal  loss  of  sodium  (diabetic  acidosis,  adrenal 
insufficiency,  chronic  glomerulonephritis,  excessive  mercurial  diuresis  with 
low  sodium  diet)  or  of  any  abnormal  loss  of  gastrointestinal  fluids  (vomit¬ 
ing,  diarrhea,  fistulae,  gastrointestinal  suction)  should  immediately  raise 
a  strong  suspicion  of  deficit  of  sodium  and  extracellular  fluid,  lhe  clinical 
signs  are  primarily  those  of  peripheral  vascular  collapse:  rapid  and  thready 
pulse,  hypotension,  cold  and  clammy  extremities,  cyanosis  and  severe 
oliguria.  Biochemical  signs  are  primarily  those  indicating  diminished  plasma 
volume  or  hemoconcentration;  rising  hematocrit  and  hemoglobin  concen¬ 
tration  and  evidence  of  progressive  renal  failure;  rising  concentration  of  urea 
or  nonprotein  nitrogen,  creatinine,  phosphate,  and  other  undetermined 
anions  in  blood  or  serum,  falling  total  serum  content  of  carbon  dioxide 
(2a,  4a-g).  The  serum  sodium  concentration  may  be  low,  and  if  so,  is  diag¬ 
nostically  helpful,  but  it  is  not  necessarily  low  if  the  loss  of  water  has  par¬ 
alleled  that  of  sodium.  Reversal  of  the  above  clinical  and  biochemica  signs 
with  the  administration  of  a  solution  which  contains  sodium  is  confirmatory 

^Except  in  association  with  certain  intracranial  lesions  leading  to  hy¬ 
pernatremia  (see  chapter  19)  e«  of  sodium  is  almost  always 
by  an  excess  of  water.  The  cardinal  sign  is  edema,  peripheral  or  Pulm'  n^ 
Edema  may  be  due  to  local  venous  obstruction  or  to  systemic  diseases  such 
as  congestive  heart  failure,  cirrhosis,  nephrosis,  nephritis,  or  the  nephrot 
syndrome  and  exogenous  or  endogenous  excess  of  adrenal  and  gonada 
steroids.  Edema  seldom  results  from  a  high  intake  of 
these  other  conditions  is  present.  Biochemical  signs  are  n, at  helpful^* 
serum  sodium  concentration  is  usually  unchanged  but  may 
depressed  according  to  the  simultaneous  transfers  of  watei. 
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C.  Bicarbonate  and  Anion-Cation  Balance  ( Table  22-11 ) 

The  ratio  of  the  concentration  of  carbonic  acid  to  that  of  bicarbonate 
and  other  buffer  anions  (summed  as  “buffer  base”)  determines  the  pH  of 
blood  and  extracellular  fluid.  Since  the  former  is  regulated  by  gas  exchange 
in  the  lungs  and  the  latter  by  metabolic  or  renal  transfers,  abnormalities 
in  this  system  may  be  primarily  respiratory  or  primarily  metabolic.  Sec¬ 
ondary  or  compensatory  changes  may  occur  in  the  other  half  of  the  system 
sometimes  to  such  a  degree  that  determination  of  which  change  is  primary 
can  only  be  made  from  clinical  evidence  and  not  from  biochemical  findings. 
These  clinical  disturbances  of  this  system  have  already  been  discussed  in 
detail  in  chapters  10  and  11  and  are  summarized  in  table  22-11. 


D.  Potassium  {Table  22-1 1 1) 


Deficiency  of  this  intracellular  ion  must  be  suspected  primarily  from  the 
clinical  circumstances  (5a).  These  are  especially  the  association  of  absence 
of  intake  (no  cellular  food)  with  stress  (postoperative,  trauma,  infection) 
and  other  causes  of  hyperadrenocortical  activity  (DOCA,  ACTH,  cortisone, 
Cushing’s  disease).  Abnormal  losses  of  the  ion  may  occur  in  urine  and  in 
gastrointestinal  fluids.  The  former  occurs  during  the  polyuric  phase  of  acute 
renal  failure  though  so-called  potassium  wasting  forms  of  chronic  nephritis 
have  been  described  (5b,  c).  Clinical  signs  and  symptoms  are  usually  not 
very  specific:  weakness,  mental  confusion,  diminished  deep  reflexes,  and 
occasionally  muscular  paralysis  (especially  accessory  respiratory  muscles). 
Paralytic  ileus  can  occur  (5c,  d).  Electrocardiographic  signs  are  suggestive, 
if  present,  and  increased  sensitivity  to  digitalis  may  be  apparent.  Biochem¬ 
ical  signs  are  indirect:  the  most  useful  is  the  finding  of  a  low  concentration 
of  potassium  in  serum  (hypokalemia)  and  extracellular  fluid  which  almost 


always  indicates  intracellular  deficit  (except  after  insulin,  epinephrine, 
glucose  or  when  anabolic  agents  such  as  testosterone  have  been  adminis¬ 
tered)  or  in  the  disease  familial  periodic  paralysis. 

Intracellular  deficits  may  also  be  present  when  the  serum  concentrations 
of  potassium  are  elevated,  as  in  the  early  stages  of  diabetic  coma  and  infant 
diarrhea,  but  these  fall  to  low  levels  on  the  administration  of  fluid  and 
the  improvement  of  renal  function  (5e,  f). 

Metabolic  alkalosis  with  high  total  serum  carbon  dioxide  content  may 
be  associated  with  intracellular  potassium  deficit  (figs.  3-15,  3-16  and  22-1) 
A  very  low  concentration  of  potassium  in  urine,  four  to  two  milliequiv- 
a  ents  per  I, ter,  or  a  urine/plasma  ratio  in  the  vicinity  of  unity  is  occasion¬ 
ally  observed  in  patients  with  good  renal  function  who  have  sustained  a 
potassium  deficient  state  over  many  days  (5g,  h).  Abnormal  renal  loss  or 
wasting  of  potassium,  on  the  other  hand,  is  difficult  to  establish  unless  the 
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Respiratory  Emotional  hyperventilation.  Tetany,  hyperventilation  (+)  Low  PCOg  and  total  C02 

alkalosis  encephalitis,  intracranial  content  of  serum,  high 

lesion  or  operation  pH,  occas.  high  serum 

chloride,  alkaline  urine 


Table  22-1 II. 
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Fig.  22-1.  Electrolyte  and  Water  Changes  with  Losses  of  Gastrointestinal 
Secretions.  Serum  Concentration:  Low  Potassium,  High  Carbon 

Dioxide 

Clinical  data  and  diagnosis.  A.  M.,  a  63-year-old  white  male  with  postoperative 
biliary  and  duodenal  fistula  following  choledochoduodenostomy  for  biliary  carci¬ 
noma  was  maintained  on  potassium-free  parenteral  fluids  up  to  day  one.  Intravenous 
administration  of  buffered  potassium  phosphate  solution  resulted  in  positive  potas¬ 
sium  balance.  The  patient  recovered.  ,  ^  „  n. 

Interpretation  of  serum  concentration  at  start  of  day  one :  Body  fluid  pattern:  Dim¬ 
inution  of  extracellular  sodium  and  water  volume  without  significant  change  in 
sodium  concentration,  excess  of  bicarbonate;  deficit  of  extracellular  and  intracellu  a 

potassium  with  excess  of  intracellular  sodium.  ,  .  . 

Physiologic  mechanism:  Loss  of  sodium  and  chlor.de  in  fluids  lost  through  fistula, 
potassium  deficit  resulted  when  potassium  was  excreted  in  urine  and  u.  s 
during  period  of  potassium-free  intake.  (From  Squires  and  Elkinton  (la).) 

exact  balance,  intake  as  well  as  output,  has  been  measured  over  a  prolonged 

^Excess  of  potassium  in  extracellular  fluid  in  terms  of  concentrations  is  of 
gre“  icaumport  because  of  its  toxic  effect  on  the  heart.  It  occui,  most 
commonly  in  patients  with  renal  insufficiency  who  are  usually 
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always  oliguric,  or  in  patients  with  limited  renal  unction  who  have  re¬ 
ceived  an  overdose  of  the  ion  (6a).  Hyperkalemia  is  characteristic  of  adreno¬ 
cortical  insufficiency.  Excess  of  intracellular  potassium  is  probably  present 
in  this  latter  state  (6b)  and  can  occur  at  least  temporarily  as  the  result  ot 
excessive  administration  of  the  ion,  but  its  functional  effect,  if  any,  is  not 
known.  The  clinical  signs  and  symptoms  of  excess  of  potassium  are  not 
definitive:  paresthesias  and  even  paralysis  have  been  described  (5c).  Elec¬ 
trocardiographic  evidence  of  increased  sensitivity  of  the  heart  (elevated  1 
waves,  conduction  defects,  extrasystoles)  are  somewhat  better  defined  and 
may  be  diagnostic  (6c)  (See  fig.  9-8).  The  biochemical  sign  is  hyperkalemia. 

As  mentioned  earlier,  hyperkalemia  may  also  be  present  with  cellular 
deficits  during  the  early  stages  of  diabetic  coma  and  acute  infant  diarrhea 
but  disappears  when  fluid  administration  restores  renal  function. 


E.  Phosphorus  (Table  22-1 V) 

The  phosphorus  of  the  body  is  present  in  inorganic  and  in  organic  forms. 
Serum  or  plasma  and  the  interstitial  fluid  contain  only  inorganic  phos¬ 
phorus.  Its  level  varies  with  age  (see  chapter  4)  and  with  transfers  into  or 
out  of  cells.  Thus  glycolysis  or  glycogenesis  induced  by  glucose  or  insulin 
administration  lowers  the  concentration;  diabetic  coma  raises  it  (7a-d). 

Deficit  of  body  phosphorus  as  a  whole  may  result  from  a  low  intake  of 
cellular  foods  (no  meat,  vegetable  or  milk),  poor  absorption  from  the  gut 
(lack  of  vitamin  D,  presence  of  steatorrhea),  increased  renal  excretion 
(primary  and  secondary  hyperparathyroidism),  and  breakdown  of  cellular 
phosphorylation  (diabetic  ketosis).  There  are  no  specific  clinical  signs  and 
symptoms  other  than  those  associated  with  the  underlying  disease  process. 
Biochemical  evidence  is  a  diminished  concentration  of  inorganic  phos¬ 
phorus  in  serum  and  extracellular  fluid. 

Excess  of  body  phosphorus  may  occur  with  a  high  intake  by  a  patient 
with  a  mild  impairment  of  renal  function,  and  almost  always  occurs  in  any 
patient  with  far-advanced  renal  insufficiency  but  hypoparathyroidism  is 
also  a  cause  (7a,  e).  The  prime  clinical  manifestation  is  tetany  due  to  the 
hypocalcemia  which  frequently  ensues.  Biochemical  evidence  is  hyperphos¬ 
phatemia  with  more  or  less  hypocalcemia;  renal  insufficiency  is  indicated 
by  azotemia  (elevated  urea  or  nonprotein  nitrogen),  high  serum  creatinine, 
high  undetermined  anion,  and  low  total  carbon  dioxide  and  pH. 


F.  Calcium  ( Table  22-1 V) 

Abnormal  distributions  of  calcium  in  the  body  fluids  are  less  readily 
categorized  as  deficits  or  excesses  since  one  condition  may  obtain  in  bone 
the  principal  depot  of  calcium  in  the  body,  and  the  other  in  extracellular 
ui  because  of  differential  rates  of  entry  and  egress  (7a).  In  addition,  in 


Table  22-IV. 

NORMALITIES  OF  BODY  FLUID  CONSTITUENTS:  PHOSPHATE  AND  CALCIUM 
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any  individual  clinical  situation  the  relationship  of  the  actual  calcium  level 
to  the  concentrations  of  phosphorus  and  of  albumin  must  be  kept  in  mine 
(8a  b).  Also,  the  proportion  of  calcium  present  in  ionized  form  and  the 
effects  of  pH  on  the  degree  of  ionization  should  be  considered  (8c)  even 
though  such  fractionation  is  not  readily  accomplished  in  most  clinical  lab¬ 
oratories.  ,  ,  , 

Deficit  in  both  extracellular  fluid  and  bone  is  found  in  rickets  due  to  lack 

of  vitamin  D,  in  steatorrhea  causing  inadequate  absorption,  in  low  intake 
in  relation  to  utilization,  as  in  pregnancy,  and  in  hypoparathyroidism  (7a). 
These  conditions  are  characterized  clinically  by  tetany  and  biochemically 
by  hypocalcemia  and  hypocalciuria.  In  an  earlier  chapter  it  was  pointed 
out  that  hypocalcemia  may  mask  the  clinical  and  electrocardiographic 
manifestations  of  potassium  deficiency  and  that  conversely  tetany  does 
not  appear  in  such  patients  until  the  potassium  has  been  replaced  (8d). 

Localized  or  generalized  deficits  may  occur  in  bone  while  the  ion  is  in 
excess  in  extracellular  fluid,  due  to  its  mobilization  and  transport.  This 
occurs  in  hyperparathyroidism,  malignant  tumors  metastatic  to  bone, 
sarcoid,  multiple  myeloma,  osteoporosis  due  to  disuse  or  the  menopause, 
and  in  renal  tubular  acidosis.  The  clinical  signs  and  symptoms  include  bone 
pain,  fractures,  x-ray  osteoporosis,  osteofibrosis  cystica,  osteomalacia,  and 
renal  calcinosis.  In  these  conditions  there  is  hypercalcemia  and  hypercal- 
ciuria  on  a  low  calcium  intake  (7a,  8a-m). 

Excess  of  calcium  in  fluids  and  in  bone  may  result  from  high  intake  of 
vitamin  D  (50,000  to  1,000,000  or  more  units  per  day)  and  of  calcium,  over 
prolonged  periods  (8n-p).  With  the  larger  amounts  of  vitamin  D  bone  de¬ 
struction  and  loss  of  bone  calcium  occurs.  A  similar  excess  may  develop 
with  continued  alkali-milk  regimens  of  the  type  used  in  treating  peptic 
ulcers.  With  this  as  with  the  other  forms  of  hypercalcemia  corneal  calcifi¬ 
cation  may  develop  (8q,  r). 

G.  Magnesium  ( Table  22-V) 

Although  magnesium  is  quantitatively  a  major  intracellular  cation  and 
is  known  to  have  important  pharmacological  effects  in  the  central  nervous 
system,  the  neuromuscular  junction,  and  the  heart  (9a-e),  relatively  little 
is  known  of  its  pathological  distribution  in  disease  states. 

Deficits  ha\  e  been  reported  due  to  low  intake  in  patients  on  magnesium- 
free  parenteral  fluids  and  to  excessive  renal  loss  in  patients  with  acute  renal 
failure  in  the  polyuric  phase,  with  chronic  renal  insufficiency,  and  during 
mercurial  diuresis  (9f-h).  The  signs  and  symptoms  are  not  well  defined 
although  anorexia,  vasodilation,  neuromuscular  hyperirritability,  convul¬ 
sions,  and  tetany  may  be  associated  and  in  the  rat  decreased  protein  syn- 
icsis  and  kidney  damage  have  been  demonstrated  (9i-n) .  The  biochemical 
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sign  is  a  low  concentration  of  magnesium  in  serum  (hypomagnesemia)  but 
it  is  probable  that,  as  in  the  case  of  potassium,  an  elevated  extracellular 
concentration  may  coexist  with  a  cellular  deficit  under  conditions  of  dehy¬ 
dration,  renal  insufficiency,  and  accelerated  cellular  transfers  (9o). 

Excess  of  magnesium,  again  like  potassium,  is  usually  found  in  patients 
with  severe  renal  insufficiency  and  oliguria.  This  is  most  likely  if  the  patient 
is  receiving  magnesium  salts,  such  as  magnesium  sulfate  (Epsom  salts)  or 
even  magnesium  hydroxide  (milk  of  magnesia).  The  clinical  signs  aie  those 
of  depression  of  the  central  nervous  system  (drowsiness)  and  of  the  neuro¬ 
muscular  function  (diminished  or  absent  deep  reflexes,  weakness)  or,  as 
with  deficits,  peripheral  vasodilation  (9p-t).  Hypermagnesemia  is  present. 

The  state  of  magnesium  with  regard  to  its  ionization  or,  more  precisely, 
its  ultrafiltrability  in  these  various  disease  entities  has  not  been  defined. 
In  thyroid  diseases  however  the  ultrafiltrable  portion  has  been  found  al¬ 
tered.  This  is  discussed  in  chapter  17. 

Summary:  A  tentative  diagnosis  of  the  patient’s  illness  and  a  knowledge 
of  the  types  of  body  fluid  disturbances  that  occur  in  that  particular  entity 
are  indispensable  preliminaries  to  intelligent  requisitioning  and  use  of  bio¬ 
chemical  analyses.  Knowledge  of  the  possible  independent,  as  well  as  the 
related,  variations  of  concentrations  and  total  amounts  of  electrolytes  is 
necessary  in  the  interpretation  of  the  significance  of  sodium,  potassium, 
calcium,  magnesium,  chloride,  bicarbonate  and  phosphorus  values  in  serum. 

Actual  therapy  thereafter  is  based  upon  the  application  of  the  known 
parameters  relating  to  deficits  or  excesses  and  the  boundaries  within  which 
manipulation  of  the  body  fluids  is  safe.  The  effectiveness  of  the  therapy  is 
then  assessed  by  serial  biochemical  analyses  and  the  clinical  course  of  the 
patient. 
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Chapter  23 

RANGE  OF  REQUIREMENT  OF  INDIVIDUAL 
FLUID  CONSTITUENTS  AND  THEIR 
HOMEOSTATIC  LIMITATIONS 


In  the  preceding  chapter  the  clinical  and  laboratory  assessment  of  body 
fluid  disturbances  has  been  discussed  in  terms  of  individual  components. 
In  this  chapter  the  water  and  the  individual  solutes  will  be  discussed  in 
terms  of  the  orders  of  magnitude  involved  in  impending  or  existing  deficits, 
or  excesses.  Throughout,  it  must  be  remembered  that  the  various  con¬ 
stituents  condition  each  other  in  their  effects  in  the  body.  This  is  espe¬ 
cially  true  in  respect  to  total  water  and  total  solute  and  the  rate  of  ad¬ 
ministration  of  one  must  always  be  considered  in  relation  to  that  of  the 
others.  The  reader  is  also  to  be  reminded  again  that  all  fluid  therapy  is  a 
matter  of  trial  and  error.  Therapeutic  effects  must  be  carefully  observed 
and  future  therapy  modified  accordingly. 

I.  Water 

The  daily  net  turnover  of  water  ranges  between  three  and  six  per  cent  of 
the  total  body  water  (Table  23-1)  (la-c).  Balance  is  maintained  if  the  in¬ 
take  of  water  meets  the  two  basic  needs  of  losing  body  heat  by  vaporization 
through  lungs  and  skin  and  excreting  solutes  through  the  kidneys.  In 
addition  any  abnormal  loss  of  water  from  the  gastrointestinal  tract  must 
be  replaced. 

A.  Water  of  Vaporization  or  Insensible  Water  Loss 

1  his  amounts  to  800  to  1500  ml.  per  day  in  the  nonfebrile  resting  adult 
and  average  about  000  ml.  per  square  meter  of  body  surface  per  day  (If— h). 
When  the  patient  becomes  febrile  and  sweating  ensues  the  extrarenal  water 
loss  maj  increase  by  1000  to  2000  ml.  per  day.  The  minimum  and  maximum 
water  requirements  lor  heat  loss,  therefore,  approximate  respectively  500 
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and  2000  ml.  per  square  meter  per  day  or  12  and  50  ml.  pei  kg.  per  day,  i.e., 
800  and  3500  ml.  per  day  in  a  70-kg.  adult. 


B.  Urinary  Water 

Water  required  for  excretion  of  solutes  depends  upon  these  factors:  a) 
the  rate  of  endogenous  catabolism  presenting  nonprotein  nitrogen,  creatine 
and  creatinine,  organic  acids,  potassium,  and  phosphate  for  excretion,  b) 
the  need  for  excretion  of  simultaneously  administered  or  injected  solutes, 
and  c)  the  concentrating  ability  of  the  kidney.  Many  investigators  have 
studied  the  quantitative  relationships  between  renal  solute  excretion  and 
renal  water  excretion  (2a-e).  For  practical  purposes  these  quantitative 
relationships  may  be  summed  up  as  follows.  Factor  (a)  appioximates  200 
milliosmols  per  square  meter  per  day  or  five  milliosmols  per  kg.  per  day,  i.e. 
350  milliosmols  per  day  in  a  70-kg.  adult.  Factor  (6)  is  difficult  to  predict 
because  of  uncertainty  as  to  retention  or  metabolism  of  administered 
exogenous  solute.  A  rule  of  thumb  is  to  allow  for  one-half  the  milliosmolar 
content  of  the  infused  solution.  Factor  (c)  has  been  found  to  lie  between 
0.7  ml.  per  milliosmol  in  the  normal  to  2.5  ml.  per  milliosmol  in  the  stressed 
patient.  Under  the  need  to  conserve  water,  therefore,  the  sick  patient  of 
70-kg.  weight  may  require  a  minimum  of  as  much  as  900  ml.  per  day  (500 
ml.  per  square  meter  per  day  or  13  ml.  per  kg.  per  day).  A  maximum  limit 
on  water  excretion  is  determined  by  the  ability  of  the  kidney  to  dilute 
urine  in  relation  to  solute  content.  The  limit  of  this  factor  is  about  10  ml. 
per  milliosmol.  Therefore,  under  the  need  to  excrete  water  when  only 
endogenous  solutes  are  available,  the  maximum  urinary  water  excretion  is 
about  3500  ml.  per  day  for  the  average  70-kg.  adult  (2000  ml.  per  square 
meter  per  day  or  50  ml.  per  kg.  per  day).  This  maximum  is  rapidly  increased 
when  more  exogenous  solute  is  available.  These  minimum  and  maximum 
relationships,  as  correlated  and  presented  graphically  by  Talbot,  Crawford, 
and  Butler  (2f),  are  shown  in  figure  23-1. 

C.  Balances  of  Body  Water 

Practically,  maintenance  of  daily  water  balance  in  an  average  70-kg. 
adult  may  be  summed  up  as  follows: 

Give:  1000-1200  milliliters  for  insensible  vaporization 

800-1000  milliliters  for  urine 


1800-2200  total 

Add:  500-1500  for  fever  and  sweating 

Equivalent  volumes  with  salt  for  abnormal  losses  of  gastrointestinal 
fluid 

Any  estimated  water  deficits  (see  below) 

Subtract:  Water  for  urine  in  anuria  due  to  acute  renal  failure 
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i  v 

SOLUTION 

L/M*/DAY 


100  ISO  200  250  300 

inorganic  solute  content  of  iv  solution 
m-osm  PER  LITER 


Fig.  23-1.  Minimal  and  Maximal  Parameters  of  Requirements  and  Tolerance 
for  Water  and  Solutes  as  Defined  by  Talbot  et  AL.(2f) 

The  effect  on  body  water  is  shown  of  infusing  dextrose  solutions  containing  sodium 
chloride  in  concentration  from  0  to  350  mOsm.  per  liter.  The  ordinate  indicates  the  rate 
of  fluid  infusion  expressed  in  liters  per  square  meter  per  day;  the  abscissa  indicates 
the  sodium  chloride  content  in  mOsm.  per  liter.  The  theoretical  effects  of  adminis¬ 
tration  of  various  amounts  of  fluids  containing  varying  salt  content  upon  the  lecip- 
ient’s  body  water  concentrations  expressed  as  cc.  permOsm.  of  total  solute  are  sug¬ 
gested  by  the  zones  defined  by  curves  A  to  E.  .  ,  .  ,  .aoa 

Curve  A-A  shows  the  minimum  water  requirement  of  a  patient  not  under  stress. 
Failure  to  meet  this  requirement  places  him  in  Zone  1  where  he  must  expend  h,s  own 
endogneoutTwater  and  becomes  dehydrated.  Curve  B-B  shows  the  mm, mum  wat 
requirement  of  a  patient  under  stress  who  is  less  able  to  concen  rate  h.s  u™e  more 
wateris  needed  to  keep  him  out  of  Zone  2  where  he 

endogenous  water.  Maximum  water  tolerance  is  shown  by  Curve  ,  P 

Zone  3  develop  overhydration  and  water  intoxication.  tolerances; 

Curves  D-D  and  E-E  define  minimum  and  maximum  sodium  chlo 

be  induced. 
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The  source  of  the  water  so  given  may  be  by  ingestion,  parenteral  adminis¬ 
tration,  orfrom  water  of  oxidation  and  catabolism,  (up  to  450-500  milliliters 

P<  ']d Deficits  of  water  in  the  dehydrated  patient  may  be  severe  amounting 
to  six  to  10  per  cent  of  the  total  body  water  (tables  23-11,  23-V)  (3a  c). 
This  is  four  to  seven  liters  in  the  average  adult.  Less  severe  degrees  of 
dehydration,  more  commonly  encountered,  amount  to  one  to  three  liters 
per  adult.  Where  the  data  are  available,  deficits  may  be  calculated  ap¬ 
proximately  as  follows: 


(a)  as  equivalent  to  acute  weight  loss  (if  previous  weight  is  known) 
Example: 

Initial  wt.  =  70.0  kg. 

Final  wt.  =  66.8  kg. 


Difference  =  3.2  kg.  «=  3.2  liters  H20 

(b)  as  equivalent  to  urine  and  gastrointestinal  fluid  plus  estimated  insensible 
water  observed  and  estimated  to  have  been  lost  since  prior  state  of  normal 


hydration,  minus  intake  of  water 
Example  (during  2  days) : 

Output:  urine  =  900  ml. 

H20  vaporization  =  3000 
Gastric  fluid  =  2800 


Total  =  6700  ml. 

Intake:  oral  fluids  =  400 

i.v.  fluids  =  4000 

H20  oxidation  =  200 


Total  =  4600 

Balance  H20  =  —2.1  liters 

(c)  from  the  rise  in  serum  sodium  concentration  and  the  estimated  normal 
total  body  water,  Wx ,  provided  there  has  been  no  significant  electrolyte 
loss  or  gain,  as  in  water  deprivation  or  diabetes  insipidus: 

Deficit  H20  =  Wx  -  W2 


=  (0.6  Wt.) 


Na8l  X  (0.6  Wt.) 
Na82 


Example : 

Given:  Wt.x  =  70  kg. 

NaB1  =  140  mEq./l 
Nai2  =  160  mEq./l 
Then  Wx  =  0.6  X  70  =  42  liters 


W2.  = 


140  X  42 
160 


=  37  liters 


Deficit  H20  =  42  -  37  =  5  liters 
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Practically  therefore,  the  patient  suspected  of  being  dehydrated  is  given 
one  to  three  liters  of  extra  water  daily  until  symptoms,  principally  thirst, 
are  alleviated  and  urine  flow  re-established. 

2.  Excess  of  water  may  vary  much  more  widely  than  deficits,  ranging 
up  to  40  per  cent  or  more  of  the  normal  body  water  in  severely  edematous 
patients  (tables  23-11,  23-V)  (4a-e).  States  of  overhydration  that  are 
patently  manifest  are  less  difficult  to  assess  than  are  minimal  states  of 
overhydration.  As  in  respect  to  deficits  excesses  may  be  calculated  ap¬ 
proximately  as  follows,  where  the  data  are  available. 

(a)  as  equivalent  to  acute  weight  gain  (if  previous  weight  is  known) 
Example: 

Initial  wt.  =  70.0  kg. 

Final  wt.  =  72.5  kg. 


Difference  =  2 . 5  kg.  —  2.5  liters  H20  retained 
(b)  as  equivalent  to  the  measured  intake  of  water  minus  the  sum  of  the  meas¬ 
ured  losses  of  water  in  urine  and  gastrointestinal  fluids  and  the  estimated 
insensible  loss  of  water. 

Example:  (during  2  days): 

Output:  urine  =  1600 

H20  vaporization  =  2400 

Total  =  4000  ml. 

Intake:  oral  fluids  =  4200 
i.v.  fluids  =  1000 
H20  oxidation  =  400 


(c) 


Total  =  5600  ml. 

Balance  H20  =  +  1.6  liters 

from  the  fall  in  serum  sodium  concentration  and  the  estimated  normal 
total  body  water,  Wj ,  (provided  there  has  been  no  significant  loss  or 
gain  of  electrolytes),  as  in  water-loaded  anurics: 

Excess  =  W2  —  Wi 

Na8l  X  (0.6  A\  t.)  __  /q  q  ) 

Na82 


Example: 
Given:  Wt.i 
Na#1 
Na,2 

Then  W  i 
W2 

Excess  II20 


70  kg. 

140  mEq./l 
128  mEq./l 
0.6  X  70  =  42  liters 

=  40  liters 

128 

40  _  42  =  4  liters 


Practically,  the  overhydrated  anuric  patient 


should  have  his  fluid  intake 
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reasonably  restricted  and  be  treated  with  diuretics  and  any  other  measures, 
e.g  digitalization,  bed  rest,  diuretics,  which  are  needed  to  produce  an 
effect  in  the  underlying  mechanism  of  his  fluid  retention,  until  such  time  as 
his  signs  of  peripheral  and  pulmonary  edema  disappear.  No  water  restric¬ 
tion  is  necessary  for  patients  with  other  forms  of  edema. 

3.  Administration  of  water  may  be  a)  by  the  oral  route  as  plain  water 
or  as  a  wide  variety  of  aqueous  solutions  or  natural  foods,  or  b)  by  paren¬ 
teral  routes  as  five  or  ten  per  cent  sugar  solutions  or  electrolyte  solutions. 
Because  of  the  daily  need  for  free  water  for  vaporization  and  heat  expendi¬ 
ture,  the  intake  of  water  usually  should  exceed  that  of  electrolyte  in  respect 
to  their  normal  ratio  in  extracellular  fluid,  i.e.,  the  solution  should  be 
“hypotonic.”  The  exceptions  to  this,  of  course,  are  those  situations  in 
which  specific  deficits  of  electrolytes  are  being  treated.  A  “hypotonic” 
water  intake  can  be  provided  quite  simply  by  ingestion  of  water,  by  in¬ 
fusion  of  five  or  ten  per  cent  dextrose  solution  in  addition  to  isotonic  elec¬ 
trolyte  solution,  or  by  infusion  of  especially  prepared  hypotonic  electrolyte 
solution,  such  as  Butler’s  or  Talbot’s  solutions,  described  and  discussed  in 
the  next  chapter. 


II.  Sodium 

The  normal  daily  turnover  of  sodium  ranges  between  three  and  nine  per 
cent  of  the  total  exchangeable  body  content  (table  23-1)  (5a-f);  it  may  be 
considerably  wider  in  patients  on  unusual  dietary  regimes  such  as  very  low 
or  very  high  salt  diets. 

A.  External  Exchanges 

Balance  is  maintained  on  a  very  low  sodium  intake  (1  gram  sodium 
chloride  =c=  17  mEq.,  or  less)  provided  there  is  no  abnormal  loss  of  sodium 
in  urine,  gastrointestinal  fluid,  or  sweat.  The  normal  kidney  conserves 
sodium  very  well,  being  able  virtually  to  eliminate  this  ion  from  the  urine 
under  conditions  requiring  conservation  (5g).  The  diseased  kidney  may  be 
unable  to  conserve  sodium  and  prevent  body  depletion  as  in  rare  cases  of 
chronic  glomerulonephritis,  nephrosclerosis,  pyelonephritis,  renal  tubular 
acidosis,  or  in  the  polyuric  phases  of  acute  renal  failure  due  to  tubular 
damage.  Tubular  reabsorption  and  hence  renal  conservation  may  be  in¬ 
hibited  by  a  deficiency  of  adrenocortical  steroids  or  by  the  administration 
of  meicuiial  diuictics.  Sweat  contains  sodium  in  hypotonic  concentration 
but,  under  conditions  of  severe  heat  stress,  sweat  may  be  the  source  of 
considerable  sodium  loss  (20  to  180  milliequivalents  in  one  to  three  liters). 
Abnormal  loss  of  gastrointestinal  fluids,  because  of  their  similarity  in 
electrolyte  composition  to  extracellular  fluid,  always  results  in  loss  of 
sodium.  When  any  of  these  conditions  obtain  (6a-d),  therefore,  the  sodium 
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lost  must  be  replaced  if  depletion  is  to  be  prevented  and  balance  main¬ 
tained.  If  the  output  of  sodium  in  urine  or  gastrointestinal  fluid  is  measured, 
it  can  be  replaced  quantitatively.  If  not,  or  in  the  case  of  sweat,  the  sodium 
loss  must  be  estimated  on  the  basis  of  probable  content  in  the  fluid  under 
consideration. 


B.  Deficits  of  Sodium 

These  may  become  as  high  as  50  per  cent  of  the  extracellular  sodium 
(approximately  1000  milliequivalents  deficit  in  the  average  70-kg.  adult 
or  14  milliequivalents  per  kg.  (tables  23-11,  23-III)  (7a-j)  before  death 
supervenes  from  circulatory  collapse.  Obviously  every  attempt  should  be 
made  to  repair  the  deficit  long  before  this  point  is  reached.  Deficits  more 
commonly  encountered,  as  in  diabetic  coma  or  pyloric  obstruction,  range 
from  300  to  600  milliequivalents  per  average  adult  (tables  23-11,  23-III). 
Since  sodium  loss  in  clinical  situations  is  almost  invariably  associated  with 
some  degree  of  water  loss,  it  is  impossible  to  quantitate  the  former  from 
concentration  values  alone.1  If  the  serum  and  extracellular  concentrations 
of  sodium  are  low,  the  replacement  of  sodium  may  be  thought  of  in  two 
categories:  the  sodium  that  is  missing  with  its  proportional  share  of  water, 
and  the  sodium  that  is  missing  from  the  water  left  behind  (and  so  resulting 
in  a  lowered  concentration).  If  there  is  a  sodium  deficit  without  a  change  in 
extracellular  concentration,  only  the  first  is  pertinent.  Deficits  of  sodium 
in  these  two  categories  can  be  calculated  in  terms  of  milliequivalents  in  the 
following  ways. 


(a)  as  equivalent  to  140  times  the  loss  of  water  in  terms  of  liters: 

1)  The  acute  weight  loss  in  kilograms,  if  known  and  considered  to  be 
due  entirely  to  extracellular  fluid  loss  (a  questionable  assumption). 

Example:  Wt.  loss  =1.5  kg. 

Na  deficit  =  140  X  1.5  =  210  mEq. 

2)  The  extracellular  volume  deficit  in  liters,  as  estimated,  or  as  measured 
approximately  by  dilution  of  substances  such  as  thiocyanate,  inulin, 
or  radiosulfate. 

Example:  Change  in  SCN  space  =  —2.0  liters 

Na  deficit  =  140  X  2.0  =  280  mEq. 


x  One  of  the  authors  (J.  R.  E.)  once  proposed  a  formula  based  on  weight,  change  in 
concentration  of  COa  +  Cl  in  serum,  and  change  in  relative  cell  volume  (hematocrit 
(7k)  This  formula  is  invalid  because:  a)  change  in  serum  concentration  of  (_  )«.  + 
is  frequently  different  from  that  insodium,  b)  thechangeinplasma  volume  is  not  neces¬ 
sarily  linear  or  proportional  to  that  in  total  extracellular  volume,  c)  even  if  it  weie 
relative  change  in  plasma  volume  cannot  be  estimated  from  hematocrit  values  alone 
where  the  tonicity  of  the  plasma  in  relation  to  the  red  cells  is  changing  (hemoglobm 
measurements  are  required),  and  finally  d)  osmotic  shift  of  water  -nyntrace  lular 
fluid  requires  that  the  concentration  calculation  be  based  on  total  body  vat  , 
extracellular  fluid  value  alone. 
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(b)  as  equivalent  to  the  change  in  serum  sodium  concentration  times  the 
estimated  or  measured  total  body  water,  not  the  extracellular  volume,  (The 
net  rise  in  concentration  of  total  electrolyte  in  the  extracellular  fluid  must 
be  the  same  as  that  in  intracellular  fluid  because  of  the  osmotic  shift  of 
freely  diffusible  water;  this  holds  even  if  the  solute  added  is  in  the  main 
restricted  to  one  phase,  the  extracellular.) 


Example: 

Given:  Normal  weight  =  70  kg. 

Estimated  total  H20  =  0.58  X  70  =  40.5  liters 
Observed  Nas  =  125  mEq./l 

Then  Na  deficit  =  15  X  40.5  =  OOSmEq. 

Where  there  is  both  an  absolute  deficit  of  extracellular  fluid  (sodium  and  water 
in  proportional  amounts)  and  a  loss  of  sodium  relative  to  the  water  left  behind 
in  the  body,  these  two  methods  (a)  and  (b)  should  be  combined. 

Example: 

Na  deficit  with  water  (a,  1)  =  210  mEq. 

Na  deficit  in  excess  of  water  (b)  =  608  mEq. 


Total  Na  deficit  =  818  mEq. 

Deficits  of  sodium,  calculated  as  above,  should  probably  not  be  com¬ 
pletely  replaced  in  one  24-hour  period.  Administration  of  hypertonic  solu¬ 
tions  of  extracellular  electrolyte  (sodium)  without  intracellular  electrolyte 
(potassium)  may  lead  to  detrimental  shift  of  water  from  cells  and  isotonic 
solutions  may  disturb  other  compensatory  adjustments,  e.g.,  cardiac 
failure  because  the  myocardium  has  become  adjusted  to  a  smaller  circula¬ 
tory  load.  On  the  other  hand  abnormal  sodium  losses,  renal  or  gastro¬ 
intestinal,  may  be  continuing  during  therapy  and  the  calculated  sodium 
requirement  is  thereby  increased. 

Practically,  therefore,  the  astute  therapist  makes  the  best  estimate  that 
he  can  of  the  extent  of  the  deficit.  The  adult  with  an  average  degree  of 
sodium  depletion  of  300  to  600  milliequivalents  needs  in  the  vicinity  of 
200  to  450  milliequivalents,  the  amount  contained  in  about  1500  to  3000 
milliliters  of  “physiological”  0.85  per  cent  sodium  chloride  solution  to  get 
him  out  of  the  danger  zone.  Whatever  the  amount  estimated,  it  is  then 
modified  according  to  the  above  factors  and  according  to  the  risk  of  conges¬ 
tive  failure  and  hypertension  on  one  hand  versus  circulatory  collapse  on 
the  other.  This  is  an  example  of  the  trial  and  error  nature  of  intelligent 
fluid  therapy. 

C.  Deficit  of  Sodium  in  Excess  of  Fixed  anion 

This  disturbance  is  found  in  metabolic  acidosis  and  requires  separate 
consideration.  Sodium  given  to  combat  such  a  deficit  is  usually  infused  as 
sodium  bicarbonate  or  sodium  lactate  solution.  The  effect  of  such  therapy 
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on  the  serum  sodium  concentration  may  he  calculated  from  an  assumed  or 
estimated  total  body  water,  as  immediately  above  in  (b).  The  effect  on  the 
serum  bicarbonate  and  total  carbon  dioxide  concentration,  usually  the 
therapeutic  goal,  is  somewhat  less  predictable.  The  reason  for  this  is  that,  in 
a  given  individual  patient,  the  fraction  of  the  sodium  so  given,  which 
enters  the  “non-chloride”  or  intracellular  space,  is  quite  unpredictable.  One 
of  us  (J.  R.  E.)  has  shown  in  patients  with  uremic  acidosis  that  this  frac¬ 
tion  may  vary  anywhere  from  30  to  100  per  cent  of  the  sodium  administered 
(7j).  Hartmann’s  formula  for  the  dose  of  sodium  lactate  was: 

Give:  1  ml.  molar  lactate  per  1  kg.  wt.  to  raise  serum  C02  content  1  vol.  per 
cent 

which,  translated  into  current  units  is: 

Give:  1  mEq.  Na  lactate  per  1  kg.  wt.  to  raise  serum  C02  content  approxi¬ 
mately  0.5  mM  per  liter 

This  formula  was  derived  empirically  from  the  observed  effects  of  sodium 
lactate  therapy  and  simply  represents  the  average  effect  found.  It  means 
that  the  average  distribution  of  sodium  given  as  lactate  was  approximately 
50  per  cent  of  the  body  weight  or  that  one-half  or  more  of  the  sodium  left 
the  “extracellular”  space. 

The  practicality,  therefore,  is  to  calculate  that  about  one-half  of  the 
sodium  given  and  retained  will  exert  an  effect  in  the  serum  bicarbonate  and 
total  carbon  dioxide  concentration  according  to  the  estimated  extracellular 
volume. 


Example:  Given:  Estimated  extracellular  volume  =  0.2  Wt.  =  14  liters 
Initial  serum  C02  =  10  mM./l. 

Dose  of  Na  lactate,  4  ampules  M  Sol.,  40  ml.  each  =  160 
mEq. 


Then:  (a)  Rise  in  serum  C02 


lA  X  160 
14 


=  6  mM  /I 


Final  serum  C02  cone.  =  10  +  6  =  16  mM/1 


(b)  If  of  the  Na  enters  cells,  rise  in  serum  C02  cone. 
=  3  mM/1 


H  X  160 
14 


D.  Sodium  Excess 

jyr  °[  ®xtra1c.ellul”  s"dium  is  alm°st  always  associated  with  an  excess 
if  uater  and  is  clinically  demonstrable  as  edema.  As  in  the  case  of  water 

excesses  of  the  ion  vary  more  widely  than  do  deficits  (4a4,  5c)  and  hive 
)  n  measured  in  amounts  up  to  50  per  cent  or  more  of  the  normal  extra 
cellular  content  (tables  23-III,  23-VI).  It  is  seldom  necessary  to  estimate 
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this  excess  quantitatively  prior  to  treatment  and  diuresis.  Excess  of  intra¬ 
cellular  sodium  is  frequently  found  in  potassium  depletion  and  may  amount 
to  as  much  as  ten  milliequivalents  per  kilogram  weight.  While  it  is  impos¬ 
sible  to  quantitate  this  cellular  increment  of  sodium,  prior  to  potassium 
therapy,  it  means  that  once  the  latter  is  started  less  sodium  than  chloride 
is  required  from  exogenous  sources  to  replete  and  to  maintain  the  extracellu¬ 
lar  fluid. 


III.  Chloride 

The  daily  turnover  and  total  body  content  of  this  ion  are  very  close  in 
magnitude  to  those  of  sodium  (table  23-1)  (8e,f).  This  is  due  to  the  fact 
that  next  to  sodium  it  is  the  largest  ionic  constituent  of  extracellular  fluid, 
and  to  an  even  greater  extent  than  sodium,  is  excluded  from  most  tissue 
cells. 


A.  Balances,  Deficits  and  Excesses  of  Chloride 

The  conditions  of  excretion  in  urine,  gastrointestinal  fluid,  and  sweat, 
which  underlie  the  maintenance  of  balance  are  essentially  the  same  as  for 
sodium.  The  magnitudes  of  deficits  are  roughly  the  same  as  those  for 
sodium,  the  principal  differences  being  due  to  the  normal  ratio  in  extra¬ 
cellular  fluid  of  sodium  to  chloride  of  1 .3  to  1 ,  and  the  differential  transfers 
of  sodium  in  respect  to  chloride  into  and  out  of  cells.  These  latter  are 
primarily  found  in  states  of  potassium  deficiency  associated  with  metabolic 
alkalosis.  For  these  two  reasons  the  requirement  of  chloride  is  generally 
less  than  that  for  sodium,  and  straight  sodium  chloride  solutions  with 
equi-molar  amounts  of  the  two  ions  are  therefore  less  than  “physiological.” 
Quantitative  replacement  is  seldom  calculated  for  the  chloride  ion  per  se. 
Where  the  deficit  of  chloride  is  proportionally  less  than  that  of  sodium, 
replacement  of  the  sodium  in  excess  of  chloride  and  fixed  anion  is  calculated 
as  outlined  in  the  preceding  section.  Where  the  deficit  of  chloride  is  pro¬ 
portionally  greater  than  that  of  sodium,  the  ion  can  be  given  as  ammonium 
chloride  or  potassium  chloride.  The  latter  salt  is  usually  preferable  since 
serious  conditions  of  relative,  and  absolute,  extracellular  deficit  (metabolic 
alkalosis)  are  commonly  associated  with  potassium  deficiency.  Under  these 
circumstances  the  quantitative  assessments  are  primarily  those  of  the 
cations,  sodium  and  potassium,  with  the  final  adjustment  of  the  chloride 
content  depending  on  the  linked  transfers  in  tissues  and  kidneys. 

IV.  1  ’otassium 

The  daily  turnover  of  potassium  ranges  between  50  and  150  millieaui 

:  len  s  m  (he  average  adult  and  is  equivalent  to  1 .5  to  fixe  per  rent  of  the 
total  body  content  (table  23-1)  (9a-c).  1  th 
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A.  Balance 

Balance  is  maintained  on  even  lower  intakes  provided  that  renal  and 
adrenocortical  function  are  normal,  that  there  is  no  abnormal  gastrointes¬ 
tinal  loss,  and  that  the  patient  is  not  in  a  catabolic  phase.  In  normal  sub¬ 
jects  not  under  stress  renal  conservation  is  as  good  as  that  for  sodium,  and 
on  diets  which  maintain  nitrogen  balance  but  which  contain  only  15  milli- 
equivalents  of  potassium,  the  renal  excretion  reaches  this  level  in  three  to 
five  days  (10a,  b).  In  patients  who  have  normal  kidneys  but  who  are  under¬ 
going  the  stress  of  other  types  of  disease  or  of  the  postoperative  period, 
the  renal  excretion  may  vary  widely  up  to  85  milliequivalents  per  day  when 
the  intake  is  zero  (7d)  (tables  23-1 V,  23-VII).  These  patients  obviously 
require  the  ion  to  keep  them  in  balance.  Renal  excretion  of  potassium  is 
accelerated  by  the  administration  of  desoxycorticosterone,  ACTH,  and 
cortisone  as  discussed  in  chapter  17,  and  by  sodium  loading  (10c).  In 
general,  patients  who  are  taking  food  by  mouth  are  getting  enough  potas¬ 
sium  since  it  is  a  principal  constituent  of  vegetable  as  well  as  of  animal 
cells.  The  daily  excretion  of  potassium  in  the  stool  of  normal  subjects 
ranges  between  6  and  26  milliequivalents  (lOd). 


B.  Potassium  Losses 

Deficits  of  potassium  cannot  be  quantitated  readily  prior  to  therapy 
because  of  the  predominately  intracellular  position  of  the  ion  (lOe).  Deficits 
can  be  estimated  by  analysis  of  tissue  biopsies,  especially  skeletal  muscle, 
and  by  isotope  dilution,  but  these  are  usually  experimental  technics.  During 
theiapy  the  deficit  can  be  assessed  in  terms  of  potassium  retained,  but  this 
requires  the  accurate  measurement  of  intake  and  output  until  the  patient 
comes  into  equilibrium  and  is  at  best  a  bit  of  hindsight  as  far  as  therapy 
goes.  In  addition  the  ability  of  normal  cells  to  store  additional  supplies  of 
potassium  tor  temporary  periods  of  time  can  give  a  false  impression  of 
deficit  replacement.  Ihe  therapist,  therefore,  must  rely  on  the  experience 
of  himself  and  others  as  to  the  probable  degree  of  deficit  likely  to  be  in- 
volved  in  the  clinical  disturbance  at  hand,  and  finally  to  judge  according  to 
the  response  of  the  patient  to  therapy.  The  range  of  potassium  deficiency 
ranes  widely  and  may  amount  to  as  much  as  800  to  1000  milliequivalents 
in  the  average  adult  (tables  23-IV,  23-VII).  Deficits  of  200  to  400  milli- 
equi\  alents  are  much  more  common. 

Practically,  one  administers  one  or  two  liters  per  day  of  one  of  the  potas¬ 
sium-containing  solutions  listed  in  the  next  chapter  until  the  serum  potas 

"  r‘Urnrt0  the  n0rmal  ranse-  These  solutions  supply  00 
to  80  milliequivalents  per  liter  of  solution.  Two  liters  per  dav  for  two  ,’l.. 

supplies  240  to  320  milliequivalents.  A  small  allowance  must  be  made  for 
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concurrent  excretion.  More  dilute  solutions,  also  listed  in  the  tables  in 
chapter  24,  have  been  recommended  by  pediatricians  such  as  Darrow, 
Butler  and  Talbot,  but  their  use  in  repair  of  deficits  of  the  magnitude 
mentioned  above  requires  a  rather  large  volume  of  water.  Concentrations 
of  potassium  of  20  to  35  milliequivalents  per  liter  are  said  to  be  safer  but 
we  have  never  seen  dangerous  extracellular  levels  produced  by  the  judicious 
use  of  the  stronger  potassium  solutions  mentioned  above.  Finally,  500 
milliliters  to  one  liter  per  day  of  these  60  to  80  milliequivalents  per  liter 
potassium  solutions  will  prevent  the  development  of  serious  deficiencies  of 
the  ion  by  patients  on  low  potassium  intake  (parenteral  fluids),  and  the 
multiple  electrolyte  solutions  (Darrow’s,  Butler’s,  Talbot’s:  described  in 
chapter  24)  are  ideal  for  this  purpose. 


C.  Potassium  Surplus 

Excesses  of  potassium  in  intracellular  fluid  are  no  more  easily  quantitated 
than  deficits  and  are  perhaps  of  less  clinical  significance.  Excess  of  extra¬ 
cellular  potassium  is  particularly  important  in  relation  to  water,  i.e.,  the 
concentration,  because  of  potential  cardiotoxicity  (chapter  9),  and  this 
level  is  readily  measured  in  serum.  The  amount  of  potassium  to  be  removed 
by  resins  or  dialysis  in  such  a  case,  however,  is  not  simply  calculated  as  the 
product  of  this  concentration  and  the  extracellular  fluid  volume  since  the 
extracellular  portion  of  the  ion  is  in  constant  equilibrium  with  the  intra¬ 
cellular  fraction.  Some  intracellular  potassium  must  be  removed  as  well. 
Therapy,  however,  is  guided  by  the  extracellular  concentration  and  the 

electrocardiogram. 


V.  Magnesium 

The  daily  turnover  of  this  ion  ranges  between  20  to  50  milliequivalents 
or  1.3  to  3.6  per  cent  of  the  total  body  content  (table  23-1)  (lb,  lla-c). 
Balance  is  easily  maintained,  as  in  the  case  of  potassium,  when  the  patient 
is  eating  normal  cellular  foods.  Very  little  is  known  as  to  the  range  or  effi¬ 
ciency  of  renal  conservation  on  a  low-magnesium  or  a  magnesium-free  diet. 
Deficits  have  been  described  in  diabetic  acidosis  and  m  patients  on  paren¬ 
teral  fluids  containing  no  magnesium  (lid,  e).  The  magnitude,  as  measured 
by  balance  studies,  may  range  between  50  to  i0  miHiequixalen  s  m 
average  adult.  Treatment,  as  in  the  case  of  potassium,  must  be  empiric 
and  must  be  guided  by  a  rise  in  the  serum  concentration  "''ejn-' 
esses  have  also  been  described  under  the  same  condition  of  madequat 
renal  function  which  lead  to  retention  of  potassium.  J  he  mdica  ions 
therapy  of  hypermagnesemia,  however,  are  not  clearly  understoo  •  m 
even  be  beneficial  because  of  antagonistic  action  of  magnesium  to  potas- 

sium  on  the  heart  (Hf)> 
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VI.  Bicarbonate  and  Carbon  Dioxide 

These  constituents  will  not  be  treated  separately  here  since  the  extra¬ 
cellular  fluid  content  is  determined  primarily  by  the  difference  between  the 
fixed  cation  and  fixed  anion  content.  The  abundant  availability  of  carbon 
dioxide  from  metabolic  sources  can  be  emphasized  by  recognition  of  the 
fact  that  the  daily  basal  turnover  of  this  substance  is  approximately  1500 
to  1800  per  cent  of  the  total  body  content  (table  23-1).  This  is  of  an  entirely 
different  order  of  magnitude  from  those  of  the  other  “structural”  constitu¬ 
ents  of  the  body  fluids. 


VII.  Foodstuffs 


A.  Carbohydrate 

Sugars  are  usually  given  to  the  limit  of  tolerance  in  a  sick  patient  for  the 
purpose  of  providing  as  many  calories  as  possible  to  prevent  ketosis  and  to 
mitigate  protein  catabolism.  The  minimum  requirement  for  this  purpose 
is  about  140  grams  of  dextrose  in  the  average  adult  (70  kg.,  1.73  square 
meter  surface  area)  or  2  grams  per  kg.  weight  or  80  grams  per  square 
meter.  Such  a  dose  is  contained  in  three  liters  of  five  per  cent  or  1.5  liters 
of  10  per  cent  dextrose  solutions.  The  maximum  limit  is  about  500  grams 
per  adult,  set  by  glycosuria,  and  overhydration,  and  the  practical  difficulties 
attendant  upon  nausea  or  distension  and  venous  thrombosis.  Since  the 
daily  basal  caloric  expenditure  is  between  1800  and  2000  calories  for  the 
average  adult,  even  optimum  carbohydrate  administration  cannot  com¬ 
pletely  meet  energy  requirements  and  completely  prevent  tissue  catabolism. 
1  hese  limitations  emphasize  the  wisdom  of  employing  gastrointestinal  ali¬ 
mentation  whenever  possible  and  the  need  for  development  of  methods  for 
administering  fat  intravenously. 


B.  Protein  and  Protein  Precursors 

The  minimum  daily  requirement  of  nitrogen  to  maintain  balance  has 
been  thought  to  be  about  6  grams  per  adult  though  equilibrium  can  be 
reached  in  lesser  amounts.  Much  larger  amounts  are  required  in  sick  and 
febrile  patients.  When  protein  cannot  be  given  through  the  gastrointestinal 
tract,  casein  hydrolysates  can  be  used  intravenously.  One  liter  of  the  solu¬ 
tions  commercially  available  provides  about  six  grams  of  nitrogen. 


VIII.  Colloidal  or  Blood  and  Plasma  Expanders 

ihe  requirement  of  these  constituents  depends  more  on  the  dynamic 
?  Ut.e  °  t.he  circulatl°n  than  on  a  quantitative  estimate  of  deficits.  Formu- 
ae  have  been  devised  for  the  calculation  of  the  quantity  of  plasma  required 

p  ace  that  lost  from  the  vascular  system  in  burns,  but  usually  the 
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quantity  given  is  empiric.  Whole  blood  replacement  in  hemorrhagic  shock 
is  likewise  guided  by  both  the  state  of  the  circulation  and  by  some  estimate 
of  the  amount  of  blood  lost.  This  may  be  a  matter  of  quite  a  few  liters  in 
the  massive  hemorrhage  sometimes  encountered  in  trauma,  gastrointestinal 
bleeding,  and  cardiac  surgery.  Plasma,  blood,  and  plasma  expanders  are 
most  commonly  given  in  multiples  of  the  250  and  500  ml.  units.  Concen¬ 
trated  albumin  as  prepared  by  the  Red  Cross  and  the  military  services  is  a 
25  per  cent  solution  in  a  100-ml.  unit  (25  grams  of  albumin).  Two  such  units 
or  200  ml.  given  intravenously  is  a  common  dose  in  the  treatment  of  trau¬ 
matic  shock. 


IX.  Common  Dilemmas  in  the  Treatment  of  Fluid  Disturbances 

A.  Sodium  for  Renal  and  Circulatory  Failure  in  Patients  with  Edema  and 
Cardiovascidar  Disease 

Not  infrequently  a  patient  in  the  postoperative  period  following  gastro¬ 
intestinal  surgery  is  found  to  have  progressive  oliguria,  a  rising  BUN  or 
NPN,  and  possibly  a  tendency  to  hypotension.  Hyponatremia  may  be 
present.  The  possibility  is  real  that  the  patient  is  suffering  from  impaired 
circulation,  including  the  renal  circulation,  due  to  a  sodium  deficit.  On  the 
other  hand  the  patient  may  have  cardiovascular  disease  with  actual  or 
potential  heart  failure  (some  edema  and  hypertension),  and  there  may  be 
edema  of  his  surgical  wound.  Under  these  circumstances  the  surgeon  and 
the  cardiologist  are  understandably  reluctant  to  administer  much  sodium. 
This  is  particularly  true  in  the  present  age  of  low  sodium  intakes  for  both 
postoperative  hyperadrenocorticism  and  cardiovascular  disease  (congestive 
failure  and  hypertension).  The  particular  solution  of  the  dilemma  is  most 
likely  to  depend  upon  the  prejudices  of  the  responsible  therapist.  I  he  haz¬ 
ards  of  shock  and  progressive  renal  failure  must  be  weighed  against  those  of 
pulmonary  and  peripheral  edema  and  hypertension.  In  the  opinion  of  the 
authors  a  careful  therapeutic  trial  of  an  increased  intake  of  sodium  is  indi¬ 
cated  in  this  situation.  Improved  circulation  and  renal  function  is  worth 
little  extra  peripheral  edema  or  a  few  more  pulmonary  rales. 

This  dilemma  is  of  course  paramount  in  patients  with  congestive  hea 
failure  and  hyponatremia  (the  “low-salt  syndrome”),  and  not  infrequent  y 
occu"  “hypertensive  patients  without  edema.  In  both  of  these  situations 
ti,e  patient  has  been  on  a  very  low  sodium  intake  and  probably  has  had 
mercurial  diuretics  frequently  given  as  well.  If  the  patient  docs  not  respond 
favorably  to  sodium,  then  he  has  hyponatremia  of  some  origin  other 

sodium  depletion. 

B  Sodium  for  Metabolic  Acidosis  in  Patients  with  Edema  and  Hypertenmon 
This  dilemma  is  very  similar  to  the  one  delineated  above.  It  usually 
occurs  in  the  uremic  patient  with  acute  or  chronic  renal  insufficiency .  W 
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it  is  desirable  to  mitigate  the  metabolic  acidosis,  it  is  undesirable  to  increase 
edema,  to  exacerbate  hypertension,  or  to  induce  convulsions,  therapy 
therefore  is  guided  accordingly:  more  sodium  bicarbonate  or  lactate  is 
given  in  the  absence  of  these  complications;  less  in  t heir  presence.  It  has 
even  been  advocated  that  alkaline  sodium  salts  should  not  Ire  given  at  all  in 
uremic  acidosis.  To  the  authors  this  view  seems  unnecessarily  conservative. 


C.  Potassium  for  Hypokalemia  in  Patients  with  Renal  Insufficiency 

This  dilemma  occasionally  arises  and  can  only  be  resolved  by  careful 
consideration  of  the  individual  case.  Patients  with  chronic  renal  insuffi¬ 
ciency  and  oliguria  usually  have  elevated  levels  of  serum  potassium,  and 
this  occasionally  occurs  in  those  who  are  polyuric.  Potassium  wasting  in 
the  urine  is  a  rare  consequence  of  renal  disease:  it  occurs  in  the  polyuric 
phase  of  acute  tubular  damage  and  in  certain  peculiar  and  bizarre  cases 
of  chronic  renal  disease.  These  points  are  discussed  in  greater  detail  in 
chapter  12.  In  these  circumstances  potassium  should  be  given  in  amounts 
according  to  the  urinary  losses  and  the  level  of  serum  potassium.  In  the 
more  common  cases  of  chronic  renal  insufficiency,  e.g.,  chronic  glomerulo¬ 
nephritis,  nephrosis,  nephrosclerosis,  chronic  pyelonephritis,  and  polycystic 
disease,  hypokalemia  may  supervene  as  the  result  of  loss  of  gastrointestinal 
fluid.  In  such  a  situation  potassium  may  be  given  but  this  should  be  done 
very  cautiously  as  the  tolerance  of  such  patients  for  the  ion  is  low  and  potas¬ 
sium  intoxication  with  hyperkalemia  easily  induced.  However,  recent  evi¬ 
dence  suggests  that  potassium  deficiency  per  se  may  lead  to  tubular  damage 
and  renal  dysfunction.  It  is  probable,  therefore,  that  with  increased  knowl¬ 
edge  and  experience  the  indications  for  potassium  in  renal  failure  will  be 
broadened. 


D.  Chloride  for  Hypochloremia  in  Vomiting  Uremics 

This  not  uncommon  dilemma  arises  when  patients  with  renal  insufficiency 
leading  to  retention  of  phosphates,  sulfates,  and  organic  acids,  lose  large 
amounts  of  acid  gastric  fluid  (HC1).  The  resultant  depletion  of  chloride 
and  hypochloremia  may  cause  a  metabolic  alkalosis  which  cancels  or  out¬ 
balances  the  metabolic  acidosis  of  the  uremia.  Since  the  latter  may  be 
progressive,  and  subsequently  may  be  made  worse  by  administered  chloride 
ion,  it  sometimes  is  difficult  to  determine  how  much  chloride  to  give  and  in 
what  form  The  severity  of  the  net  disturbance  in  pH  must  be  a  major 

vC,h01'uT  t  dflsl0n;  severe  alkalosis  with  tetany  warrants  treatment 
ith  chloride  whatever  the  future  course  anticipated.  This  dilemma  is  il 

ustrated  m  fig.  23-2.  which  shows  a  case  of  severe  alkalosis  wHh  Uany 
superimposed  on  acute  renal  and  hepatic  failure.  These  two  latter  condf 
turns  contraindicated  the  use  of  potassium  or  ammonium  salt  hydro' 
chloric  acid  was  therefore  given.  This  is  an  extreme  example;  more  com- 
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Therapy  : 


1  .V. 

H  Cl  50  mEg. 

resin  50  gm. 

NaCI  145  . 

(  per  rectum ) 

CaClt  3  gm. 

Respi  rotor 

Glucose  95  •* 

Insulin  50  u. 

Venous  serum 
cone.  : 
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Dote  Jan  25  Jon. 26 

Fig  23-2  A  Complex  Problem  in  Fluid  Therapy:  Three  Simultaneous  Primary 
Anion-Cation  Disturbances  in  a  Case  with  Gastro-Intestinal 
Obstruction  Superimposed  on  Acute  Renal  I-ailure 

Electrolyte  and  anion-cation  patterns  are  plotted  as  in  figs,  ii-5  and  11-4. 

Data  are  piven  for  the  14th  day  of  anuria  resulting  from  a  severe  hemol 
f us^on  reaction ;  the  patient  had  been  dialed  twice  on  “ 

kidney.  Course  was  complicated  by  acute  pancreatitis  (exploratory  ^ 

hepatitis,  and  extensive  gastro-intestinal  hemorrhage,  pos  opera  ive  ( 

to  the  second  dialysis  and  prior  to  the  chemical 

findingsof  Jan.  25th  as  shown,  4650  ml.  gastric .«>"  ™ ^o  ^tabo  acidosis 
in  a  severe  hypochloremic  metabohe  (measured  as 

,luc  to  the  tetany  and  became  comatose. 

Th=e  major  he^e  i cJ  uirLent  was  chloride  ion  in  excess  o,  sodmm  .on;  KCt 
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monly  a  mild  degree  of  vomiting  by  the  uremic  merely  ameliorates  the 
course  of  his  metabolic  acidosis. 

Summary:  A  knowledge  of  the  net  daily  changes  in  body  water  and  in 
the  chief  electrolytes  under  conditions  of  water  deprivation,  starvation, 
vomiting,  diarrhea  and  sweating  and  of  the  limitations  imposed  by  cir¬ 
culatory  or  renal  disturbances  provides  the  information  necessary  for  es¬ 
timation  of  replacement  and  maintenance  needs.  This  involves  calculation 
of  the  daily  intake  of  water  and  solutes  and  measurement,  estimation,  and 
analysis  of  the  output  via  urine,  bowel,  skin,  lungs  as  well  as  in  drainage. 
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Chapter  24 

TECHNICS  AND  SOLUTIONS  IN  REPLACEMENT 

THERAPY 


The  diagnosis  of  disturbances  in  the  body  fluids  and  the  assessment  of 
fluid  requirements  have  been  discussed  in  the  preceding  two  chapters.  In 
this  chapter  are  presented  the  various  therapeutic  procedures  by  which  the 
physician  acts  on  such  judgment  to  restore  the  patient’s  body  fluids  to  a 
healthier  state  of  dynamic  equilibrium. 


I.  General  Principles 

A.  The  Patient  as  a  Whole 

The  practice  of  medicine  in  this  field  as  in  others  is  an  art  as  well  as  a 
science.  Consideration  of  the  patient  as  a  person  is  imperative  to  successful 
therapy.  He  should  be  comforted,  reassured,  and  within  the  limits  of  pos¬ 
sibility  and  wisdom,  given  an  understanding  of  his  situation,  lhe  proper 
goal  of  the  physician  is  not  alone  the  solution  of  an  intriguing  physiologic 
problem,  but  the  return  of  the  patient  to  the  best  possible  state  of  health  and 
function  as  a  member  of  society. 

Due  consideration  must  be  given  to  aspects  of  the  patient’s  disease  state 
other  than  the  disturbances  in  body  fluid  structure  and  function.  Infection, 
trauma,  metabolic  derangement  or  malignancy  may  primarily  determine 
the  outcome  of  the  illness  and  limit  even  the  scope  of  the  fluid  therapy 
that  should  be  undertaken.  Thus  the  wise  physician  views  the  patient’s 
body  fluid  abnormalities  in  their  proper  relation  to  the  total  disease  and 
within  this  broader  framework  exercises  his  skill  and  judgment  in  managing 
the  specific  disturbances  involved. 

Due  consideration  must  also  be  given  to  the  various  dimensions  of  body 
fluid  abnormality.  As  indicated  in  Parts  I  and  II  these  may  involve  dis¬ 
turbances  in  volume,  in  concentration,  in  relative  ion  proportions  and  in 
regional  distribution.  Even  in  disease  states  regulatory  organs  of  the  body 
fluids  make  homeostatic  adjustments.  Concentration  may  be  sacrifice 
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volume,  relative  ion  concentration  to  total  ion  concentration,  \  olume  and 
flow  in  one  region  to  volume  and  flow  in  another,  etc.  Hie  therapist,  there¬ 
fore,  when  he  alters  one  of  these  dimensions,  must  take  cognizance  of  the 
effect  of  the  therapy  on  other  dimensions  and  usually  he  must  effect  a  com¬ 
promise. 

Furthermore,  the  physician  seldom  knows  the  absolute  degree  of  change 
from  normal  of  most  of  the  dimensions  of  the  body  fluids.  Hence  it  behooves 
him  to  proceed  with  caution,  to  attempt  to  induce  alterations  in  the  right 
direction,  to  remember  that  concurrently  with  his  therapeutic  measures 
the  pathological  processes  which  produced  the  disturbances  may  be  con¬ 
tinuing,  and  to  recognize  that  the  cooperating  organs  of  regulation  of  the 
body  fluids  have  their  homeostatic  limitations. 


B.  Types  of  Therapeutic  Procedures 

The  procedures  available  to  the  physician  for  treating  body  fluid  dis¬ 
turbances  are  many.  They  include  the  administration  by  enteral  or  paren¬ 
teral  routes  of  solutions  or  materials  containing  various  components  of 
body  fluids,  the  influencing  of  fluid  distribution  by  position,  drugs,  enzymes 
such  as  hyaluronidase,  etc.,  the  alteration  of  output  of  various  fluid  con¬ 
stituents  from  the  body  through  the  normal  organs  of  excretion  (the  kid¬ 
neys,  gastrointestinal  tract,  lungs  and  skin),  the  use  of  exchange  resins  in 
the  intestinal  tract,  and  dialysis  by  peritoneal  or  gastrointestinal  lavage  or 
by  extracorporeal  hemodialysis  in  some  type  of  “artificial  kidney.” 

For  the  judicious  use  of  these  technics,  in  various  combinations,  it  must 
be  remembered  that  a  dynamic  and  not  a  static  structure  is  being  influenced. 
Deficits  or  excesses  of  particular  constituents  represent  new  dynamic  equi- 
libiia  01  steady  states.  Keeping  in  mind  the  limitations  of  our  current  knowl¬ 
edge,  these  procedures  are  intended  to  move  these  dynamic  equilibria  in  a 
direction  which  makes  for  greater  health  of  the  organism  as  a  whole. 


II.  Fluid  Administration  Via  the  Gastrointestinal  Route 

As  far  as  circumstances  permit,  fluids  should  be  given  by  the  gastro¬ 
intestinal  tract  rather  than  by  parenteral  routes.  This  is  the  normal  port  of 
entry  of  nutritional  and  fluid  constituents.  Its  use  permits  a  much  wider 
choice  of  such  constituents  with  much  less  hazard  in  respect  to  immuno- 
ogical  reactions  or  to  overloading  the  circulation.  Contraindications  to  the 
administration  of  fluids  by  this  route  usually  consist  of  profound  weakness 
unconsdousness,  nausea,  vomiting,  gastric  hemorrhge,  gastrointestinal  ob- 
stiuction,  ileus,  or  gastrointestinal  or  abdominal  surgery. 

A.  Oral 


Some  of  the  natural  fluids  and  prepared  solutions  to  be  drunk  or  to  bo 
g.ven  through  a  tube  into  the  stomach  are  shown  in  table  2« 
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!•  Water  is  naturally  taken  by  mouth  or  may  be  given  through  a  tube 
into  the  stomach  provided  the  patient  is  not  vomiting  and  the  stomach  is  not 
being  drained  by  suction.  This  holds  for  the  sucking  of  ice  as  well  as  the 
drinking  of  water.  The  harm  in  so  doing  is  the  depletion  of  extracellular 
electrolyte  produced  as  the  result  of  ionic  diffusion  across  the  stomach  wall 
into  the  salt-free  water  and  its  subsequent  removal  from  the  body  in  vomi- 
tus  or  by  suction.  If  under  these  circumstances  fluid  must  be  placed  in  the 
stomach  for  purposes  of  lavage,  isotonic  sodium  chloride  solution  should  be 
used.  In  the  conscious  patient  who  can  drink  water  thirst  is  usually  a  reli¬ 
able  guide,  unless  there  is  a  specific  reason  for  limiting  the  fluid  intake.  It 
must  not  be  forgotten,  however,  that  some  patients  because  of  weakness 
or  paralysis  are  unable  to  respond  to  the  stimulus  of  thirst.  Frequent  aid  in 
drinking  is  required  of  an  attendant. 

2.  Sugar  solutions  can  be  given  by  mouth  or  tube  to  supply  calories  as 
well  as  water.  Such  solution  should  not  be  of  a  concentration  of  more  than 
ten  per  cent  since  more  concentrated  solutions  pull  water  into  the  stomach 
and  may  lead  to  vomiting.  It  should  be  remembered  that  lactose  and  sucrose, 
especially  as  admixtures,  are  more  palatable  than  dextrose. 

3.  Carbonated  sugar  solutions,  such  as  ginger  ale,  may  appeal  more 


to  the  taste  of  the  patient.  They  too  should  be  avoided  in  the  presence  of 
nausea. 

4.  Fruit  juices  usually  are  preferable  to  sugar  solutions  since  they  not 
only  taste  better  but  contain  potassium  and  some  vitamins  as  well.  The 
potassium  content  is  high  and  the  sodium  content  low  since  the}  aie  pri¬ 
marily  cellular  fluids.  The  chief  exception  to  this  is  canned  tomato  juice 
which  usually  has  sodium  chloride  added  to  it.  Fruit  juices,  because  of  their 
high  potassium  content,  are  contraindicated  in  any  state  of  potassium 
intoxication  (e.g.,  acute  renal  failure  with  anuria). 

5.  Milk  is  a  natural  food  with  a  high  water  content  and  of  high  nutritional 
value  because  of  its  carbohydrate  and  protein.  The  carbohydrate  may  be 
fortified  with  additional  lactose  or  sucrose,  as  it  is  in  infant  formulae.  1  he 
fat  may  be  removed  (skimmed  milk)  or  mixed  in  (homogenized  milk);  the 
latter,  of  course,  contains  more  calories.  Milk  is  a  hypotonic  electrolyte 
solution  in  which  sodium,  potassium,  chloride,  and  phosphate  predominate 

6  Dialyzed  milk  is  available  in  powdered  form  under  several  brand 
names.  It  is  the  residue  of  milk  made  sodium-free  by  dialysis.  All  the  prin¬ 
cipal  electrolytes  are  so  removed  but  potassium  chloride  is  put  back.  Hence 
it  is  relatively  high  in  chloride  and  does  contain  potassium.  Such  milk  has 
a  wide  use  in  the  preparation  of  sodium-free  diets  lor  patients  mt  ypei- 
tension  or  various  forms  of  edema.  Milk  can  also  be  treated  ruth  exchange 
resins  to  reduce  or  to  alter  its  electrolyte  content  for  experimental  purpose- 

7  Tea  and  coffee  should  also  be  considered  with  natural  liquid  lood  . 
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The  leaf  and  the  bean  contain  potassium  but  the  beverages  are  essentially 
electrolyte-free.  They  do  contain  caffeine,  other  alkaloids  or  acids,  and  sugar 
as  added.  Warm  weak  tea  with  sugar  is  especially  acceptable  to  patients 
just  returning  to  taking  fluids  by  mouth. 

B.  Gastric 

Intubation  of  the  stomach  for  prolonged  tube  feeding  is  most  comfort¬ 
ably  accomplished  by  use  of  a  small  polyvinyl  tube.  Through  such  a  tube, 
or  through  a  gastrostomy,  certain  artificial  preparations  or  formulae  can 
be  administered  as  well  as  the  fluid  and  liquid  foods  mentioned  above. 
A  number  of  these,  shown  in  table  24-1  contain  not  only  water  and  electro¬ 
lyte,  but  also  are  high  in  carbohydrate  and  protein  or  protein  precursors  as 
well.  There  is  also  listed  a  high  carbohydrate-high  fat-low  water  formula 
which  is  free  of  potassium  and  nitrogen.  This  has  been  designed  for,  and 
used  in,  the  patient  with  acute  renal  failure  and  anuria,  described  in  chap¬ 
ter  12,  who  should  have  no  potassium  or  nitrogen,  limited  amounts  of  water, 
and  a  high  caloric  intake  to  spare  his  own  tissue  catabolism. 

C.  Small  and  Large  Intestinal 

Composite  fluid  preparations  suitable  for  instillation  into  the  small  in¬ 
testine  through  a  Miller-Abbott  tube  or  through  a  tube  directly  inserted 
into  some  portion  of  the  small  intestine,  are  listed  in  Part  B  of  table  24-1. 
These  are  less  concentrated  than  gastric  preparations,  to  avoid  distention 
of  the  gut.  Plain  water  should  not  be  so  placed  since  it  causes  necrosis  of  the 
ileal  mucosa  (1). 

Water,  sodium,  and  chloride  are  readily  absorbed  from  the  large  bowel, 
but  foodstuffs  are  not.  Hence  the  large  intestine  is  not  a  good  route  for  ad¬ 
ministration  of  constituents  other  than  water  and  salt,  and  these  are  more 

efficiently  given  higher  up  in  the  gastrointestinal  tract  or  by  parenteral 
routes. 


III.  Intravenous  Administration  of  Parenteral  Fluids 

Fluid  may  be  injected  into  the  body  by  a  variety  of  routes  other  than  the 
gastrointestinal  tract.  The  intravenous  route  is  currently  the  most  useful 
though  others  are  also  available,  including  the  subcutaneous  spaces,  the 
peritoneal  cavity,  the  arteries,  and  the  sternal  marrow  spaces. 

Solutions  so  given  must  have  certain  characteristics:  they  must  be 
pharmacologically  harmless,  immuuologically  inert,  and  of  such  osmolar 
concentrations  as  not  to  disrupt  erythrocytes  by  hemolysis  or  to  damage  other 
issue  cells  during  mixing  with  the  body  fluids.  The  osmolar  concentration 
however,  may  vary  over  a  much  wider  range  than  in  an  in  vitro  fluid: red 
cell  system  since  the  injected  solution  is  so  rapidly  diluted  by  blood  and 
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body  fluids.  The  ability  to  maintain  fluid  balance  and  nutrition,  as  well  as 
to  correct  hazardous  abnormalities  by  the  parenteral  route  when  the  gastro¬ 
intestinal  tract  is  not  available,  is  literally  lifesaving  in  many  clinical  situa¬ 
tions.  The  main  types  of  solutions  which  are  used  in  parenteral  fluid  therapy 
are  presented  in  tables  24-11,  24-III,  and  24-1 V.  These  solutions  range  from 
the  simple  to  the  complex,  from  those  used  to  repair  one  fluid  compartment 
or  to  supply  one  constituent  to  those  combined  to  repair  several  fluid  phases 
and  to  supply  many  constituents.  Some  are  widely  used  routinely,  some  are 
designed  for  special  situations.  All  of  these  solutions,  however,  should  be 
used  with  careful  thought  for  the  individual  patient’s  particular  require¬ 
ments,  according  to  the  principles  which  form  the  basis  of  this  text. 


A.  The  Technic  of  Intravenous  Infusion 


This  is  simple  or  otherwise  according  to  the  accessibility  of  veins  and  the 
skill  of  the  operator.  Direct  venipuncture  with  a  #19  to  #24  needle  is 
most  frequently  performed  on  superficial  veins  in  the  antecubital  space 
of  the  arm,  the  forearm,  the  back  of  the  hand  or  foot  or  around  the  ankle. 
In  infants  the  sagittal  sinus  or  external  jugular  vein  may  be  used.  Veins  of 
the  limbs  that  do  not  stand  out  are  usually  made  to  do  so  by  use  of  a  rub¬ 
ber  tourniquet  which  must  be  removed  of  course  before  the  infusion  is 
started.  This  can  be  facilitated  by  rubbing,  by  opening  and  closing  the  hand 


and  by  immersing  the  hand  or  foot  in  a  warm  water  bath  to  produce  vaso¬ 
dilation.  Where  the  arm  is  edematous,  application  of  tight  elastic  bandages 
the  length  of  the  arm  prior  to  attempting  the  venipuncture  will  make  the 
vessels  accessible.  The  extremity  is  usually  best  immobilized  with  a  padded 
board.  Due  thought  should  be  given  to  the  extreme  discomfort  to  the 
patient  of  having  the  elbow  fully  extended  and  forearm  supinated.  When¬ 
ever  possible  the  elbow  should  be  partially  flexed  and  the  forearm  pronated. 
If  the  tip  of  the  needle  can  lie  below  the  break  of  the  elbow  it  is  less  likely  to 
re-puncture  the  wall  of  the  vein  and  infiltrate.  Use  of  the  veins  in  the  back 
of  the  hand  is  aided  by  proper  padding  under  the  hand  and  wrist.  All  needles 
placed  in  superficial  veins  should  be  firmly  taped  down  and  a  loop  of  tubing 
fastened  down  with  a  second  piece  of  tape  to  prevent  pulling  out  the  needle 

by  a  sudden  motion  of  the  extremity.  .  . 

Where  superficial  veins  cannot  be  found  or  where  prolonged  infusion  is 
anticipate,!,  a  catheter  or  polyethylene  tube  can  be  inserted  in  o .a  vein 
through  a  surgical  cutdown.  This  is  most  commonly  done  around  the  alik  e 
or  by  intubation  of  the  saphenous  vein  or  of  the  cephalic  vein  which ‘  Pe'™ 
passing  a  catheter  into  the  inferior  or  superior  vena  cava  respect  vely  and 
so Tiering  fluid  to  the  central  venous  system.  Such  tubes  must  lie  kep 
open  by  either' a  slow  constant  infusion  or  by  filling  with  a  solution  of 

heparin. 
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li.  The  Rate  of  Intravenous  Infusion 

This  should  he  varied  according  to  the  needs  of  the  patient  and  the  type 
of  solution  being  infused.  Blood  and  colloidal  or  saline  solutions  should  be 
given  rapidly  to  a  patient  in  shock,  four  to  eight  ml.  or  60  to  120  drops  per 
minute,  unless  the  emergency  is  such  as  to  require  intra-arterial  injection 
under  pressure.  All  infusions  should  be  given  slowly  to  patients  vith  cardio¬ 
vascular  disease  and  actual  or  potential  leit  ventricular  failure.  In  such  pa¬ 
tients  the  lung  bases  should  be  carefully  examined  for  rales.  Solutions  con¬ 
taining  potassium  should  be  given  slowly,  not  more  than  four  ml.  or  60 
drops  per  minute,  to  avoid  the  cardiotoxic  effect  of  too  rapid  a  rise  in  the 
extracellular  concentration  of  the  ion. 

C.  Hazards  of  and  Contraindications  to  Intravenous  Infusions 

Hazards  include  any  untoward  physiologic  response  to  the  fluids  infused: 
pyrogenic  reaction  due  to  dirty  tubing,  hemolytic  reactions  due  to  mis¬ 
matched  blood  or  the  infusion  of  pure  water  without  any  solute,  pharmaco¬ 
logic  reactions  due  to  the  infusion  of  solutions  containing  foreign  solutes 
such  as  boric  acid,  pulmonary  or  peripheral  edema  due  to  excessive  rates  of 
infusion  of  fluid  (especially  those  containing  sodium),  venous  thrombosis 
due  to  repeated  or  prolonged  infusion  in  the  same  vein  or  to  the  use  of  solu¬ 
tions  with  high  concentration  of  dextrose  (20  to  50  per  cent),  or  infection 
due  to  contaminated  fluids  or  apparatus.  Aside  from  avoiding  these  haz¬ 
ards,  contraindications  to  the  use  of  the  intravenous  route  in  fluid  therapy 
consist  of  severe  congestive  heart  failure  where  no  further  load  should  be 
placed  on  the  right  heart,  and  severe  shock  where  intra-arterial  infusion 
may  be  necessary  to  save  the  patient’s  life. 

D.  Extracellular  Repair  Solutions  for  Parenteral  Use 

he  salt,  ionic,  and  osmolar  compositions  of  these  are  presented  in 
table  24-11.  In  the  following  discussion  each  solution,  with  the  exception  of 

the  simple  ones,  is  identified  by  a  corresponding  letter  and  number  in  this 
table. 


Dextrose  solutions  providing  water  without  electrolyte  usually  consist  of  the 
sugar  in  five  or  ten  per  cent  concentrations.  Water  alone  cannot  be  infused  be- 
cause  of  hemolysis  of  red  cells  produced  by  its  hypotonicity.  As  soon  as  the 
dextrose  is  metabolized  or  deposited  as  glycogen  the  water  is  freely  distributed 
between  the  extracellular  and  intracellular  phases.  It  is,  therefore,  primarily 
!n<  lrate<1  ‘“tlw*  repair  of  simple  dehydration,  uncomplicated  by  electrolyte 
osses,  resulting  from  insensible  water  loss  in  a  patient  deprived  of  fluid.  Solu¬ 
tions  of  dextrose  in  water,  therefore,  play  a  major  role  in  the  day  by  day  treat¬ 
ment  of  the  patient  on  parenteral  fluids.  They  have  been  increasingly  used  as 
e  hazards  of  sodium  therapy  have  become  appreciated  in  the  postoperative 
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patient  and  the  patient  with  edema  or  hypertension.  So  much  so  that  it  is 
necessary  to  warn  against  the  danger  of  the  use  of  dextrose  solutions  alone  in 
patients  depleted  of  sodium  as  well  as  water  with  the  attendant  peripheral 
vascular  collapse  and  renal  failure.  In  such  a  patient  re-expansion  of  plasma 
and  extracellular  volume  with  glucose  in  water  alone  does  not  correct  the 
hemodynamic  failure.  Figures  24-1  and  7-1  to  7-4  illustrate  salt  depletion  in 
experimental  animals  and  in  man,  showing  the  profound  circulatory  collapse 
which  ensues.  Figure  7-4  also  indicates  that  glucose  solutions  in  water  must  not 
be  given  to  patients  with  salt  depletion. 

Isotonic  sodium  chloride  (“physiologic”  or  “normal”  saline)  solution  (A,l)  is 
isotonic  with  extracellular  fluid  only  in  respect  to  sodium.  The  chloride  is  rela¬ 
tively  high.  Use  of  this  solution  where  there  is  no  relative  deficit  of  chloride  and 
where  the  kidneys  are  unable  to  excrete  the  excess  chloride  will  lead  to  a  hyper¬ 
chloremic  metabolic  acidosis.  This  solution,  however,  has  been  the  mainstay  of 
parenteral  fluid  for  many  years,  and,  when  renal  regulation  can  take  place,  is 
invaluable  for  the  repair  of  prior  or  concurrent  losses  of  extracellular  fluid,  e.g., 
gastrointestinal  fluid  loss,  diabetic  ketosis,  adrenocortical  insufficiency. 

Hypertonic  sodium  chloride  (A, 2)  may  be  given  as  a  two  to  five  per  cent  solu¬ 
tion.  It  is  indicated  when  there  is  salt  depletion  present  with  a  severe  deficit  of 
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extracellular  solute  in  relation  to  water  as  evidenced  by  hyponatremia  and 
hypochloremia.  However,  hyponatremia  with  metabolic  acidosis,  as  in  uremia, 
is  better  treated  with  hypertonic  sodium  bicarbonate  or  lactate.  The  amount  of 
sodium  necessary  to  restore  the  concentration  to  normal  may  be  calculated 
from  the  estimated  volume  of  total  body  water,  chapter  3  or  4,  but  because  of 
the  cellular  dehydration  produced  by  these  solutions  only  part  of  this  estimated 
amount  should  be  given  in  any  one  24-hour  period.  If  the  object  is  to  raise  the 
sodium  concentration,  concurrent  water  restriction  must  be  enforced  to  not 
much  more  than  the  expected  insensible  loss  by  vaporization.  The  administra¬ 
tion  of  dextrose  in  water  or  the  drinking  of  water  immediately  following  the  in¬ 
fusion  of  hypertonic  sodium  chloride  solution  obviously  nullifies  its  specific 
concentrating  effect.  In  patients  who  can  take  fluids  orally  the  same  effect  can 
be  obtained  more  efficiently  by  the  ingestion  of  dry  sodium  chloride  as  enteric 
coated  tablets  each  weighing  0.3  gram  and  providing  five  milliequivalents  of 
sodium. 

H ypotonic  sodium  chloride  in  dextrose  (A, 3)  is  a  useful  solution  for  providing 
a  maintenance  dose  of  salt  for  urinary  excretion  with  extra  water  for  vaporiza¬ 
tion.  It  is  also  a  solution  that  may  be  safely  used  for  subcutaneous  injection. 

Alkalinizing  solutions  are  those  containing  sodium  as  the  cation  with  bi¬ 


carbonate  or  with  metabolizable  anions  such  as  lactate  or  acetate.  The  latter  are 
equivalent  to  bicarbonate  in  their  effect  on  the  body  fluids  but  provide  calories 
as  well.  These  solutions  are  indicated  in  metabolic  acidosis  (diabetic  ketosis, 
infant  diarrhea,  renal  insufficiency).  As  indicated  in  chapter  11  part  or  all  of 
the  sodium  so  administered  may  enter  cells.  Hypertonic  sodium  bicarbonate 
(B,l)  and  hypertonic  sodium  lactate  (B,2)  must  be  diluted  with  equal  volumes 
or  more  of  water  before  administration  to  an  acidotic  patient  whose  water 
requirement  is  restricted.  Isotonic  (%  molar )  sodium  lactate  (B,3),  or  sodium 
bicarbonate  similarly  diluted,  is  useful  in  such  acidotic  patients  whose  water 
requirements  are  more  normal  but  whose  extracellular  sodium  is  low  in  relation 

to  chloride.  ,  ,  .  ,,  . , 

Acidifying  solutions  are  represented  in  table  24-11  only  by  ammonium  chloride 

(C)  This  solution  has  been  used  in  patients  with  severe  metabolic  alkalosis 
where  only  chloride  is  needed  and  the  linked  cation  must  be  disposable  or 
metabolizable.  The  ammonium  ion  is  converted  to  urea  by  the  liver  hence  this 
solution  is  contraindicated  in  any  condition  likely  to  be  characterized  by  a  fog 
level  of  ammonia  in  the  body  fluids  (liver  disease,  ?  uremia).  The  metabolic 
alkalosis  due  to  abrupt  and  excessive  loss  of  hydrochloric  acid 
one  clinical  situation  that  could  be  treated  with  ammonium  chlonde.  However, 
most  of  these  patients  and  most  instances  of  metabolic  alkalosis  are  b«t Treated 
with  solutions  containing  potassium  and  sodium  chloride  (see  below  So  utio 
F  2 and E  5 T  because  of  the  associated  deficits  of  these  cations  which  develop 
’  .  -  11  1 „  chanter  «  However  in  the  occasional  case  of  hypochloremic 

sodium,  potassium,  and  ammonium 

Z  contraindicated,  hydrochloric  acid  (with  5  per  cent  gh £ 
fused  in  concentrations  of  10  to  50  mEq.  perhter  (0.01  to  0.05  IN),  0 


23-2). 


REPLACEMENT  THERAPY 


537 


“Combined”  solutions  have  been  designed  in  a  variety  of  forms  to  repair 
deficits  of  more  than  one  or  two  principal  constituents  of  the  extracellular  fluid 
(2a-c).  Hartmann's  saline-lactate  (D,l)  was  advocated  to  provide  sodium  in 
excess  of  chloride  with  a  metabolizable  anion  in  a  ratio  approximating  that  in 
true  extracellular  fluid.  This  solution,  or  the  readily  prepared  saline-bicarbonate 
with  dextrose  ( D,7 ),  is  ideal  for  replacing  a  deficit  of  extracellular  fluid  not  char¬ 
acterized  by  any  marked  relative  ion  (acid: base)  disturbance  (2a-c).  It  places 
no  stress  on  the  kidney  to  make  a  cation-anion  adjustment.  Ringer's  solution 
( D,2 )  is  predominantly  a  sodium  chloride  solution  modified  to  provide  concen¬ 
trations  of  potassium  and  calcium  at  levels  corresponding  to  those  in  the  extra¬ 
cellular  fluid.  Ringer's  lactate  (I), 3)  more  nearly  approximates  the  physiologic 
extracellular  fluid  in  that  the  lactate  is  equivalent  to  bicarbonate  and  thus  the 
sodium  exceeds  the  chloride.  This  is  an  ideal  in  vitro  perfusion  fluid  for  organs 
and  tissues,  but,  in  the  authors’  opinion,  is  seldom  required  in  clinical  fluid 
therapy  since  in  any  condition  associated  with  loss  of  potassium,  cellular 


deficits  of  this  ion  occur.  Such  situations  require  the  administration  of  potassium 
in  amounts  much  larger  than  the  homeopathic  dose  provided  in  Ringer’s  solu¬ 
tions.  The  sodium  lactate-calcium  gluconate-dextrose  solution  ( D,4 )  is  one  fre¬ 
quently  used  by  the  authors  in  the  treatment  of  the  anuric  patient.  This 
solution  provides  sodium  with  a  metabolizable  anion  to  combat  hyponatremia, 
extracellular  metabolic  acidosis,  and  intracellular  sodium  deficit.  The  calcium 
is  important  for  two  reasons:  1)  the  concentration  of  this  ion  is  frequently  de¬ 
pressed  in  such  cases  in  association  with  the  hyperphosphatemia,  and  2)  the 
shift  of  pH  in  the  alkaline  direction  due  to  the  sodium  lactate  may  induce 
tetany.  The  simultaneous  administration  of  calcium  prevents  this.  Dextrose  in 
ten  per  cent  solution  provides  calories  to  spare  tissue  catabolism,  and  the  total 
water  volume  is  limited,  as  is  so  necessary  in  these  cases.  This  solution  is  easily 
modified  to  meet  day  by  day  circumstances:  less  or  more  sodium  according  to 
the  clinical  and  biochemical  indication,  more  calcium  if  tetany  or  convulsions 
ensue  or  if  potassium  cardiotoxicity  is  to  be  combatted  by  giving  calcium  and 

indicate  ^  ^  Weight  chanSes  or  the  onset  of  pulmonary  edema  may 

Two  solutions  are  presented  which  are  designed  specifically  for  gastric  fluid 
emplacement  (0,5)  and  for  intestinal  fluid  replacement  ( D,6 ).  The  former  provides 

a  is°con verST  “f'Ti  (U'e  amn,onium  in  NH.Cl  is  disposable  in  that 
t  comer  ted  to  urea),  and  potassium,  in  concentrations  approximating  those 

rn  normal  gastnc  fluid.  The  latter  provides  an  alkaline  (sodium Texcess  of 
enfcrfct  BothTf  ”  concentrations  similar  to  those  in  succm 

i-Taomt  «tSX^  especia"y  usef'"  in  replad"8  ~ 
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cation.  A  number  of  combined  or  multiple  electrolyte  solutions  have  also 
been  designed  to  provide  repair  of  both  intracellular  and  extracellular  fluids. 


in 


Potassium  chloride  ( E,1 )  is  the  potassium  salt  most  frequently  used  i 
parenteral  therapy.  It  may  be  combined  with  extracellular  salt,  potassium  plus 
sodium  chloride  (E,2),  where  deficits  of  extracellular  fluid  are  involved.  Where 
intracellular  cation  deficits  predominate,  however,  it  is  preferable  to  use  the 
potassium  without  the  sodium  salt  since  there  is  considerable  experimental 
evidence  that  the  administration  of  sodium  ion  aggravates  intracellular  potas¬ 
sium  deficiency  (3a,  b)  (see  fig.  7-10).  It  is  interesting  that  this  is  in  keeping 
with  Bunge’s  original  observation  (3c,  d).  It  is  desirable,  whenever  possible,  to 
give  dextrose  with  potassium  because  of  the  association  of  cellular  uptake  of 
potassium  with  the  utilization  of  carbohydrate  (4a-c). 

Potassium  chloride  has  been  given  parenterally  in  “isotonic”  concentration 
of  150  milliequivalents  per  liter  by  some  workers,  but  in  the  opinion  of  the 
authors  it  is  potentially  hazardous  to  give  such  high  concentrations  to  any 
but  the  most  severely  depleted  patients. 

Potassiion  phosphate  ( E,8 ),  buffered  amounts  of  the  dibasic  and  monobasic 
salts,  provides  intracellular  anion  as  well  as  cation.  This  is  a  logical  solution  to 
use  in  straight  intracellular  deficiency  without  associated  metabolic  alkalosis, 
e.g.,  starvation,  diabetic  ketosis,  although  no  evidence  has  been  adduced  to 
show  that  provision  of  the  intracellular  anion  facilitates  uptak  of  the  cation. 

Potassium  acetate  ( E,4 )  provides  intracellular  cation  with  a  metabolizable 
anion.  This  combination  is  indicated  in  those  situations  where  potassium  de¬ 
ficiency  is  associated  with  a  metabolic  acidosis  due  to  ietention  of  fixed 
anions  such  as  chloride  or  phosphate,  e.g.,  renal  tubular  acidosis  with  hyper¬ 
chloremia,  potassium  wasting  chronic  renal  insufficiency  with  phosphate 
retention,  or  more  acute  renal  failure  due  to  circulatory  insufficiency  in  potas¬ 
sium  depleted  patients.  In  this  last  category  of  patients  it  is  usually  wise  to 
restore  the  circulation  with  extracellular  solution  before  attempting  treatment 

with  potassium. 

The  high  potassium-low  sodium  solution  ( E,5 )  was  designed  by  one  of  the 
authors,  J.  R.  E.  (5a,  b),  for  treatment  of  the  specific  condition  of  extracellular 
metabolic  alkalosis  associated  with  intracellular  potassium  deficiency,  as  de¬ 
scribed  by  Darrow  et  al  (5c-e).  The  administration  of  potassium  to  such 
patients  leads  to  a  large  transfer  of  sodium  from  cells  to  extracellular  fluid. 
The  provision  of  more  chloride  than  sodium  allows  for  this  transfer  Intra 
cellular  anion,  phosphate,  is  provided  but  the  intracellular  catmn  potessmm 
is  given  in  larger  amounts  to  exchange  for  the  cellular  sodium  This  ,s  an  ideal 
solution  The  same  net  effect  can  be  accomplished  with  potassium  chlor  , 

tbatfSfSS; 
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diabetic  acidosis  (6c).  It  differs  from  Dar row’s  in  that  the  potassium  is  some¬ 
what  less  concentrated,  some  phosphate  is  included,  and  the  total  solution  is 
hypotonic,  89  compared  to  300  milliosmols  per  liter,  to  provide  free  water  for 
vaporization. 

Butler’s  multiple  electrolyte  solution  ( F,8 )  is  likewise  hypotonic  for  the  same 
reason  in  respect  to  electrolyte,  and  provides  with  the  exception  of  calcium  all 
of  the  principal  extracellular  and  intracellular  ions  (6d).  It  also  includes  mag¬ 
nesium.  This  solution  is  expecially  useful  in  treating  diabetic  coma. 

Talbot’s  multiple  electrolyte  solution  ( F,4 )  is  somewhat  simpler  in  that  it 
contains  no  magnesium.  It  has  been  promulgated  as  an  “all  purpose”  solution 
which  will  improve  the  patient  no  matter  what  his  original  deficiencies  might 
be.  This  solution  provides  free  water  and  is  recommended  in  a  dosage  of  about 
3  liters  per  square  meter  of  body  surface  per  day  (6e).  The  principal  advantage 
hoped  for  from  this  preparation  is  that  the  stressed  patient’s  homeostatic  limits 
will  never  be  exceeded  (chapter  23).  Routine  use  of  this  solution,  however,  may 
not  be  the  best  treatment  in  the  patient  with  severe  impairment  of  his  regula¬ 
tory  mechanisms,  especially  in  renal  failure,  or  with  marked  abnormality  of 
certain  constituents  of  his  body  fluids,  e.g.,  potassium  deficiency  or  edema; 
water  is  for  example  a  real  risk  in  patients  with  inability  to  excrete  excess  water 
(6f).  Nevertheless,  the  intelligent  use  of  this  solution  should  go  far  in  eliminat¬ 
ing  the  excesses  and  iatrogenic  stresses  which  not  infrequently  result  from  un¬ 
thinking  fluid  therapy. 

F .  Parenteral  Solutions  to  eet  N utritional  and  Caloric  Requirements 

These  are  presented  in  table  24-1 V.  These  are  subdivided  into  those  pro¬ 
viding  carbohydrate  and  those  providing  protein  precursors.  The  intra¬ 
venous  infusion  of  fat  preparations  is  still  in  the  experimental  stage  The 

lo  per  cent  emulsion  used  by  Stare  et  al.  (7a,  b)  is  listed  at  the  end  of  this 
table  (J,l). 


Dextrose  solutions  may  be  given  as  five  per  cent  solution  (G,l),  which  is  es- 

Z  is°-0s7lar'.0r  “  ten  Per  cent  solution  (G,2).  The  50  per 
cent  solution  (G,3)  may  be  injected  intravenously  but  may  cause  venous 

thromboms.  Fructose  solutions  have  recently  been  advocated  for  parenteral 
fluid  theiapy.  Since  this  sugar  is  not  excreted  as  rapidly  as  dextrose  it  provides 
more  calories  per  gram  infused  and  has  the  added  advantage  that  insulfn  is  not 
equ'ied  foi  that  portion  which  succeeds  in  entering  the  glycolytic  cycle  directly 

^s^cZxr by  some  for  use  in  the — “  *  “ 

The  availability  of  casein  hydrolysates  or  protein  precursors  for 
equivalent  to  39  to  78  grams  of  protein  per  liter  of  solution  cal  b/adn^S 
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in  this  way.  Such  doses  go  a  long  way  toward  maintaining  nitrogen  equilibrium 
in  the  average  patient,  but  interfere  with  appetite  if  given  during  the  day 
(9a-c). 


G.  Intravenous  Solutions  to  Expand  the  Blood  and  Plasma  Volume 

These  constitute  a  very  important  category  of  therapeutic  tools  in  clinical 
medicine.  The  principal  types  are  presented  in  table  24-IV. 


Whole  blood  (1,1)  is  still  considered  the  best  treatment  for  peripheral  vascular 
collapse  or  shock  due  to  hemorrhage,  trauma,  burns.  It  also  provides  red  cells 
for  oxygen  transport.  It  is  especially  indicated,  therefore,  in  severe  anemia  or 
hemorrhage. 

Packed  red  cells  (1,2)  are  used  where  the  patient  is  anemic  but  has  evidence 
of  vascular  engorgement,  i.e.,  has  a  low  total  red  cell  mass  but  a  high  absolute 
as  well  as  relative  plasma  volume,  e.g.,  congestive  heart  failure  with  anemia. 

Pooled  plasma  (1,3)  is  frequently  used  as  a  physiologic  plasma  expander.  It 
is  indicated  in  any  condition  of  shock  but  especially  in  those  due  to  loss  of 
plasma  alone,  as  in  severe  burns.  Its  advantage  consists  chiefly  of  the  speed 
with  which  it  can  be  used  because  typing  can  be  omitted  and  crossmatching 
is  greatly  simplified  or  unnecessary.  Its  chief  disadvantage  is  that  the  virus  of 
viral  hepatitis  may  be  transmitted.  Fresh  plasma  may  also  be  required  to 
provide  certain  factors  necessary  for  blood  coagulation  (e.g.  a-c  globulin)  in 
certain  blood  dyscrasias. 

Concentrated  salt-poor  albumin  (1,4)  is  useful  in  those  conditions  where  a 
deficiency  of  plasma  protein  is  contributing  to  edema,  e.g.,  ascites,  nephrosis. 

Gelatin  (1,5)  was  one  of  the  first  of  the  artificial  plasma  expanders.  It  shares 
with  the  more  recent  ones,  such  as  Dextran  (I,  6)  and  Polyvinylpyrrolidone 
(PVP)  (1,7),  the  slight  uncertainty  of  its  effectiveness  due  to  variation  in 
molecular  size  and  hence  osmotic  (oncotic)  properties.  Nevertheless,  these 
products  are  important  because  of  the  possibility  of  stockpiling  them  in  large 
amounts  for  use  in  widespread  military  or  civilian  disaster.  Acacia  (1,8)  was 
the  earliest  of  the  artificial  plasma  expanders  but  has  been  pretty  generally 
discarded  because  of  the  evidence  that  it  is  deposited  for  prolonged  periods  in 
the  liver  and  reticulo-endothelial  system.  This  same  question  has  been  raised 
with  regard  to  dextran  and  polyvinylpyrrolidone  without  complete  resolution 
(lOa-f).  In  addition  prolongation  of  bleeding  time  has  been  reported  following 

dextran  (lOf,  g). 


In  concluding  this  section  on  intravenous  fluid  therapy  it  is  again  pointed 
out  that  the  choice  of  the  fluids  to  he  administered  depends  upon  the  intel¬ 
ligent  consideration  by  the  physician  of  the  patient’s  individual  problem. 
For  the  vast  majority  of  cases  the  more  complicated  solutions  are  usua  y 
not  necessary.  Simple  combinations  of  water,  dextrose,  sodium  chloiicF, 
sodium  lactate  or  bicarbonate  or  potassium  chloride,  supplemented  J 
protein  hydrolysates  and  blood  or  plasma  expanders  as  needed,  will  sufhc  . 
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In  any  case  intravenous  fluid  administration  is  one  of  the  major  procedures 

in  the  whole  field  of  treatment  of  the  body  fluids. 

In  table  24-V  some  of  the  available  ampules  of  concentrated  electrolytes 

are  listed  for  ready  reference. 

IV.  The  Subcutaneous  Route  for  Parenteral  Therapy 

The  administration  of  crystalloid  solutions  by  hypodermoclysis  is  prac¬ 
tised  less  frequently  than  formerly  since  improved  methods  have  been  de¬ 
veloped  for  maintaining  a  prolonged  intravenous  infusion.  I  he  subcutane¬ 
ous  route,  however,  does  provide  a  way  to  give  fluid  parenterally  when  a 
vein  cannot  be  entered  and  is  sometimes  indicated  when  the  rapid  addition 
of  fluid  to  the  venous  system  is  undesirable,  as  in  severe  congestive  heart 
failure. 

The  number  of  solutions  that  can  be  administered  subcutaneously  with 
safety  are  much  fewer  than  those  which  can  be  given  intravenously.  While 
a  dilute  potassium  solution  such  as  Darrow’s  (F,l)  can  be  given  in  this 
manner  this  route  is  usually  used  for  administering  extracellular  repair 
solutions  of  electrolytes,  dextrose,  and  water.  Of  these,  the  two  solutions 
that  should  be  used  are  0.85  per  cent  sodium  chloride  (A,l)  or  hypotonic 
half-strength  sodium  chloride  in  dextrose  solution  (A, 3).  Five  per  cent 
dextrose  (G,l)  or  any  solution  without  extracellular  electrolyte  in  at  least 
one-half  isotonic  strength  shoidd  never  be  given  subcutaneously.  To  do  so  is 
to  produce  actual  or  potential  state  of  shock.  This  is  the  hemodynamic 
effect  of  sodium  depletion  as  described  in  chapter  7  and  figures  7-1  and  7-2 
and  is  due  to  the  diffusion  of  extracellular  electrolyte  into  the  temporarily 
sequestered  subcutaneous  depot  of  dextrose  solution.  The  procedure  is  the 
counterpart  of  Darrow’s  report  of  the  experimental  production  of  sodium 
depletion  by  intraperitoneal  infusion  of  dextrose  solution  (11a).  Dextrose 
hypodermoclyses  have  been  shown  by  the  authors  (lib,  c)  to  produce  the 
same  effect  in  human  subjects  (fig.  7-4).  This  observation  has  subsequently 
been  confirmed  by  others  (lid).  An  opposite  or  dehydrating  effect  also  may 
be  produced  by  the  subcutaneous  injection  of  hypertonic  or  hyperosmolar 
solutions,  such  as  three  or  five  per  cent  sodium  chloride  or  0.85  per  cent 
sodium  chloride  combined  with  five  per  cent  dextrose  (lie,  f). 

Recently  it  has  been  found  that  the  addition  of  the  enzyme,  hyaluroni- 
dase,  to  fluids  given  by  this  route  will  facilitate  their  spread  through  the 
subcutaneous  tissues  and  hasten  absorption  (12a,  b).  This  diminishes  the 
discomfort  to  the  patient.  There  is  no  evidence  that  it  increases  the  shock- 
producing  property  of  hypotonic  electrolyte  solutions  when  given  by  this 
route  despffe  interpretations  to  the  contrary,  but  neither  is  this  cancelled 
(Db-d).  Hence  the  enzyme  is  best  used  with  solutions  which  contain 
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Or  metabolizable  anion  equivalent  to  bicarbonate  in  its  effect  on  the  body  fluids 
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V.  Administration  of  Fluids  via  the  Peritoneal  Cavity 

This  route  can  be  used  for  the  administration  of  the  same  solutions  as 
may  be  given  by  hypodermoclysis.  The  same  hazards  obtain,  however,  and 
in  addition  there  is  the  possibility  of  peritonitis  due  to  contamination  of  the 
needle  or  of  the  solution.  For  this  reason  this  route  is  seldom  used  at  present 
despite  the  advent  of  antibiotics. 

VI.  Intra-arterial  Fluid  Therapy 

The  infusion  of  fluid  into  the  arterial  circulation  must  be  done  under  a 
hydrostatic  pressure  exceeding  that  of  the  arterial  systolic  pressure.  This 
route,  therefore,  is  generally  used  under  conditions  of  urgency  for  rapid 
restoration  of  blood  volume  and  pressure  on  the  arterial  side  of  the  circula¬ 
tion,  e.g.,  severe  hemorrhage  such  as  may  occur  during  cardiac  surgery. 
Hence,  the  solutions  given  in  this  way  are  usually  whole  blood,  plasma,  or 
plasma  expanders.  Under  conditions  of  shock  intra-arterial  infusion  may 
have  definite  advantages  over  the  intravenous  route,  but  care  must  be 
used  to  avoid  potassium  intoxication  (13a,  b). 

VII.  Fluid  Redistribution  as  a  Clinical  Problem 

As  indicated  in  chapter  8  abnormalities  in  the  regional  distribution  of 
fluids  sometimes  occur,  as  well  as  total  deficits  or  excesses  of  particular  con¬ 
stituents.  Such  alterations  in  distribution  are  usually  the  consequence  of 
circulatory  inadequacy,  since  transport  and  homogeneity  of  fluid  within 
the  body  depends  primarily  upon  the  circulation  or  the  “mixing  apparatus.” 
therapeutic  measures,  therefore,  which  affect  body  fluid  redistribution 
rather  than  the  external  exchanges,  are  for  the  most  part  measures  designed 
to  improve  the  circulation. 


A.  Circulation 

1.  1  eriplieral  factors  of  the  circulation  that  may  be  improved  are 
many,  a)  Change  in  position  will  alter  the  venous  hydrostatic  pressure  and 
so  shift  the  distribution  of  edema  fluid.  This  is  often  seen  when  the  cardiac 
with  edema  of  the  lower  legs  goes  to  bed.  The  edema  shifts  to  the  hip  area 
and  not  infrequently  a  diuresis  sets  in  without  further  treatment,  b)  Re¬ 
moval  of  obstruction  to  the  venous  return  in  any  region  of  the  body  will 
mitigate  edema  due  to  that  cause,  c)  Improvement  of  the  peripheral  arterial 
circulation,  in  states  of  actual  or  incipient  shock,  with  transfusions  or  with 
nor-epinephnne  will  often  help  to  mobilize  edema. 

r  2fl  ^ Tf 1  uirCUlat°7  failure  of  the  hcart  is  often  a  factor  in  disorders 
o  fluid  distribution.  This  should  always  be  in  the  mind  of  the  physician 

since  adequate  cardiac  function  is  a  sine  qua  non  to  a  healthy  state  of  the 
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body  fluids,  a)  Digitalization  is  the  most  important  therapeutic  measure  in 
this  respect  and  should  always  be  attempted,  unless  specially  contraindi¬ 
cated,  whenever  heart  failure  is  suspected  as  a  factor  in  the  fluid  disturb¬ 
ance.  b)  Quinidine  and  other  drugs  should  be  used  as  specifically  indicated, 
c)  Oxygen  in  the  cyanotic  or  anoxic  patient  is  helpful. 

B  Other  Factors 

Aside  from  the  circulation  per  se  a  few  other  factors  should  be  briefly 
mentioned,  a)  External  hydrostatic  pressure  can  be  used  to  prevent  or  to 
shift  edema  of  an  extremity  by  binding  with  an  elastic  roll  bandage,  e.g., 
burns,  postsympathectomy  vasodilatation  in  legs,  b)  Enzymes  other  than 
hyaluronidase,  cited  earlier,  have  been  used  to  increase  the  mobility  of 
fluids  in  certain  parts  of  the  body,  e.g.,  streptodornase  in  pleural  spaces. 


Summary:  In  most  illnesses  without  antecedent  deficits  and  with  intact 
circulating,  regulating,  and  renal  mechanisms,  oral  or  parenteral  fluid  ther¬ 
apy  is  simple  and  consists  of  a)  prescription  of  calories  and  perhaps  nitrogen 
in  the  form  of  glucose  and  amino  acids,  b)  adequate  replacement  of  the 
water  lost  in  urine  and  in  insensible  and  sensible  perspiration,  c)  minimal 
provision  of  sodium  chloride,  zero  to  several  grams  per  day,  relying  upon 
the  renal  conservation  of  these  ions  during  periods  of  reduced  intake,  and  d) 
administration  of  potassium  in  amounts  sufficient  to  replace  losses.  With 
prolonged  illnesses  or  with  disturbances  in  the  volume,  composition,  and 
distribution  of  the  body  fluids  special  solutions  must  be  used.  These  are 
designed  to  permit  safe  and  effective  correction  of  such  disturbances.  1  hese 
are  usually  given  by  vein.  If  the  subcutaneous  route  is  employed  the  haz¬ 
ard  of  producing  salt  depletion  by  means  of  non-electrolyte  solutions  must 

be  kept  in  mind. 
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Chapter  25 

VIVODIALYSIS  IN  THE  THERAPY  OF 
EXCESSES  OR  DEFICITS 


In  the  preceding  chapter  the  use  of  solutions  in  the  repair  of  disturbances 
of  body  fluid  composition  has  been  discussed  with  especial  emphasis  upon 
the  cancellation  of  deficits.  In  this  chapter  the  technics  of  vivodialysis  will 
be  reviewed.  Dialysis  may  be  defined  as  separation  of  solutes  by  differential 
diffusibility  through  a  porous  membrane  or  barrier  placed  between  two 
solutions.  This  differential  diffusibility  may  be  readily  produced  by  estab¬ 
lishing  concentration  gradients  between  the  two  solutions  involved  (fig. 
25-1).  Membranes  through  which  dialysis  can  be  performed  may  be  natural 
or  artificial;  the  former  consist  of  the  wall  of  the  gastrointestinal  tract  or 
the  peritoneum,  the  latter  of  cellophane  placed  between  the  patient’s 
circulating  blood  and  the  dialyzing  solution. 

In  the  sections  which  follow  the  role  of  vivodialysis  in  the  removal  of 
excesses  of  body  solutes  or  water,  supplementing  or  replacing  diuretics, 
cation  exchange  resins,  and  the  other  procedures  already  discussed  in 
chapter  9,  will  be  indicated.  It  should  be  kept  in  mind  however  that  by 
appropriate  selection  of  the  dialyzing  fluid  these  maneuvers,  i.e.,  gastro¬ 
intestinal  or  peritoneal  lavage  or  application  of  an  artificial  kidney,  can 
also  be  employed  to  cancel  deficits.  However,  this  is  readily  accomplished 
only  by  the  last  of  these  procedures. 


I.  Gastrointestinal  Dialysis 

The  gastrointestinal  tract  has  been  used  for  this  purpose  in  several  dif¬ 
ferent  ways:  by  ingestion  of  large  volumes  of  water  and  purging  to  produce 
an  excessive  diarrhea,  by  gastric  lavage  and  vomiting,  and  by  perfusion  of 
the  small  intestine  through  a  double  lumen  Miller-Abbott  tube.  This  latter 
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The  dialyzing  solution  of  choice  for  this  method  is  a  two  per  cent  solution 
of  sodium  sulfate.  Solutions  of  sodium  chloride  or  bicarbonate  are  usually 
absorbed  even  against  a  concentration  gradient  whereas  divalent  ions  are 
not.  The  use  of  sodium  chloride  or  similar  univalent  ion  solutions,  therefore, 
even  in  hypertonic  concentration,  leads  to  a  hazardous  state  of  edema 
whereas  sodium  sulfate  does  not  have  this  effect.  Sucrose  or  dextrose  solu¬ 
tions  on  the  other  hand  may  lead  to  overhydration  or  sodium  depletion. 
With  any  of  these  solutions  depletion  of  potassium  with  hypokalemia  should 
be  watched  for. 

The  rate  of  perfusion  recommended  by  some  workers  is  one  to  two  liters 
per  hour  for  periods  ranging  from  eight  hours  to  four  days.  However  the 
rate  and  duration  in  any  individual  instance  should  be  determined  by  the 
progress  of  the  patient.  The  amount  of  urea  reported  to  have  been  removed 
in  this  manner  has  ranged  up  to  09  grams  over  several  days  (la-j). 

Undoubtedly  this  is  an  effective  procedure  in  uremics.  The  principal 
difficulty  in  our  hands  has  been  in  effecting  the  passage  of  the  tube  through 
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Fig  25-1  Principle  of  Dialysis  across  a  Cellophane  Membrane 
The  large  open  circles  on  left  represent  red  cells  and  protein  molecules  which  are 
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the  pylorus  in  uremic  patients  who  are  usually  nauseated.  However,  the 
advantages  of  this  method  of  dialysis  lie  in  the  availability  of  the  intestinal 
tract,  as  compared  to  the  artificial  kidney,  and  the  minimal  danger  of  in¬ 
fection  due  to  contamination  of  apparatus  and  solutions. 

II.  Peritoneal  Dialysis 

Lavage  of  the  peritoneal  cavity  was  early  demonstrated  to  be  a  thera¬ 
peutic  dialyzing  procedure  by  Rhoads,  by  Fine,  Seligman  and  coworkers, 
and  by  others  (2a-j).  More  recently  it  has  been  advocated  by  Muirhead 
(2k-o)  and  Grollman  (2p).  Dialyzing  solutions  must  be  essentially  of  extra¬ 
cellular  fluid  composition  (sodium,  chloride,  and  bicarbonate),  with  a  pH 
close  to  7.4,  must  be  sterile,  and  should  be  warmed  to  body  temperature. 
The  complications  consist  of  losses  of  protein,  overhydration  and  edema, 
peritonitis,  and  interruption  of  the  perfusion  channels  by  the  omentum. 
For  these  reasons  this  method  of  dialysis  seems  at  present  less  desirable  than 
gastrointestinal  perfusion  or  extracorporeal  vivodialysis  (artificial  kidney), 
and  has  not  been  used  by  the  authors. 


III.  Extracorporeal  Hemodialysis  by  Means  of  an  Artificial  Kidney 


A .  Development  and  Types 


The  first  attempt  to  use  an  artificial  membrane  for  the  dialysis  of  blood 
outside  the  body  was  that  of  Abel,  Rowntree  and  Turner  (3a)  in  1913. 
These  workers  shunted  the  blood  of  experimental  animals  through  collodion 
tubes  which  were  bathed  in  hypotonic  sodium  chloride  solution,  and  demon¬ 
strated  the  outward  diffusion  of  nonprotein  nitrogen  and  substances  such 
as  salicylates.  Since  then  other  types  of  membranes  have  been  used  (3b-e) 
but  the  principal  limitations  lay  in  the  inadequacy  of  methods  for  anti- 
coagulation  of  the  blood  and  sterilization  of  the  membrane.  The  advent  of 
heparin  and  cellophane,  however,  first  used  by  Thalhimer  (3f,  g),  made 
practicable  the  clinical  use  of  extracorporeal  dialysis. 

Kolff  was  the  first  to  successfully  apply  this  technic  to  the  treatment  of 


a  series  of  patients  (4a-c).  His  apparatus  consists  of  cellophane  tubing 
wound  around  a  drum  which  revolves  in  a  bath  of  dialyzing  solution  (fig. 
25-2).  Since  the  tubing  is  distensible,  the  transfer  of  water  between  blood 
and  dialyzing  solution  must  be  regulated  by  adding  glucose  to  the  latter 
in  just  the  right  concentration  to  oppose  the  oncotic  pressure  of  the  plasma 
protein.  1  his  apparatus  with  modifications  has  been  employed  by  Merrill 
and  associates  (4d-h)  and  others  (4i-m),  and  is  the  most  commonly  used 
ty.P.®  of  artificial  kidney  at  present.  Alwall  and  Murray  have  developed 
artificial  kidneys  which  differ  from  Kolff’s  in  that  the  cellophane  tubing  is 
supported  in  a  semirigid  position  by  wire  screening  (5a-d).  An  Alwall  type 
kidney  as  constructed  by  Barker  and  Jernstedt  of  the  Westinghouse  Com- 
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pany  has  been  used  by  one  of  the  authors  (T.  S.  D.)  and  his  colleagues 
(5e,  f).  Skeggs  and  Leonards  (5g,  h),  by  abandoning  cellophane  tubing 
and  using  sheets  of  cellophane  between  grooved  rubber  pads,  achieved  a 
completely  rigid  apparatus  in  which  manipulation  of  the  hydrostatic  pres¬ 
sure  gradient  permits  efficient  ultrafiltration  as  well  as  dialysis.  This  is  the 
artificial  kidney  used  by  the  other  author  (J.  R.  E.)  and  his  colleagues  (5i) 
one  of  whom,  Bluemle,  has  further  modified  the  apparatus  by  winding  cello¬ 
phane  tubing  in  a  helix  of  grooved  plastic  strips  thereby  combining  the 
advantages  of  cellophane  tubing  (Kolff)  with  complete  rigidity  of  support 
(Skeggs-Leonards).  This  is  not  unlike  the  new  model  recently  suggested 
by  Kolff.  The  three  types  of  artificial  kidneys  are  illustrated  in  figures 
25-2,  25-3,  25-4.  However,  others  based  on  the  use  of  cellophane  or  exchange 
resins  have  also  been  described  (Ga-g). 


B.  Efficiency  of  These  Three  Types  of  Dialyzing  Units 

The  physiologic  and  biochemical  functions  of  the  artificial  kidney  depend, 
of  course,  on  the  structural  characteristics  and  the  conditions  of  operation 
of  each  particular  apparatus.  Efficiency  of  dialysis  is  primarily  a  function 
of  the  concentration  gradient  which  in  turn  is  determined  by  the  rate  of 
blood  flow,  the  thickness  and  porosity  of  the  cellophane  membrane,  and 
its  total  surface  area.  It  is  usually  quantitated  in  terms  of  the  clearance  of 
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25-2.  Extracorporeal  Dialysis:  Diagram 

Kidney 


of  the  Modified  Kolff  Artificial 


Blood  is  pumped  from 
drum.  Part  of  the  drum 
Merrill  et  al  (4d) .) 


e  patient  through  cellophane  tubing  wound  on  a  revolving 
,  immersed  in  a  large  bath  of  dialyzing  solution.  (From 
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Fresh  dialyzing 
solution 


Constant  temp.  Used  dialyzing 

both  solution 


P  ig.  25-3.  Extracorporeal  Dialysis:  Circuit  of  the Skeggs-Leonards  Artificial 

Kidney 

Blood  flows  between  two  sheets  of  cellophane  rigidly  supported  by  grooved  plates; 
diffusible  solutes  exchange  with  the  dialysing  solution  passing  through  the  grooves! 
The  sets  of  plates  are  connected  in  parallel  and  then  in  series.  Blood  is  pumped  from 
the  radial  artery  by  positive-negative  pressure  through  the  dialyser  and  back  through 
a  bubble  trap  to  the  saphenous  vein.  Dialysing  solution  is  forced  by  C02  and  air  pres¬ 
sure  through  a  constant  temperature  bath  into  the  dialyser  and  out  to  a  discard 
carboy;  it  is  not  recirculated.  Because  of  the  rigid  support  the  apparatus  may  be  used 
as  an  ultrafiltrator  as  well  as  a  dialyser.  (From  Bluemle,  et  al.  (5i).) 


urea  calculated  from  the  formula  C  =  DV/P  where  C  is  the  ml.  of  plasma 
cleared  per  minute,  DV  is  the  amount  of  urea  removed  per  minute  into  the 
dialyzmg  soiutmn,  and  P  is  the  average  concentration  of  urea  in  the  plasma. 
Wolf  and  associates  (6h)  have  suggested  the  term  “dialysance”  in  their 
precise  characterization  of  the  kinetics  of  a  Kolff-type  dialyzer  With 
blood  flows  varying  between  70  and  300  ml.  per  minute  in  the  Kolff  kidney 
m  v  ic  i  the  surface  area  of  the  cellophane  approximates  24,000  cm.2. 
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Merrill  has  reported  the  urea  clearance  to  vary  between  37  and  230  (average 
143)  ml.  per  minute  (7a).  Comparable  figures  for  the  Skeggs-Leonards 
apparatus,  (surface  area  approximately  12,000  cm.2)  in  our  hands  (J.  R.  E.), 
show  at  a  blood  flow  of  150  to  250  ml.  per  minute,  a  urea  clearance  of  ten 
to  143  ml.  per  minute  with  an  average  of  85  ml.  per  minute  (7b).  The  West- 
inghouse-Alwall  dialyzer,  used  by  the  other  author  (T.  S.  D.)  has  a  smaller 
urea  clearance  (5e).  These  clearance  values  mean  that  urea  can  be  removed 
from  the  severely  azotcmic  patient  in  amounts  of  the  order  of  magnitude 
of  40  to  60  grams  in  three  hours  of  dialysis  with  the  Kolff  kidney,  four  to 
six  hours  with  the  Skeggs-Leonards  apparatus,  and  longer  if  the  Westing- 
house- Alwall  unit  is  employed.  It  is  of  interest  to  realize  that  at  the  rate  of 
blood  flow  of  250  ml.  per  minute,  15  liters  of  blood  per  hour  is  shunted 
through  the  extracorporeal  circuit.  In  three  hours  this  is  approximately 
equivalent  to  the  total  body  water  of  an  average  sized  adult. 

C.  Experimental  Use 

An  artificial  kidney  provides  a  unique  tool  for  the  experimental  manipu¬ 
lation  of  the  body  fluids.  It  has  been  used  to  study’'  the  hypertensive  state 
(4f,  8a),  the  presence  in  blood  of  pressor  or  other  humoral  substances 
(8b,  c),  the  quantitative  interrelationships  of  changes  in  certain  dimensions 
of  the  body  fluids  (9a-d),  and  the  effect  of  changing  levels  of  extracellular 
and  intracellular  potassium  of  the  heart  on  the  electrocardiographic  pattern 
and  on  its  sensitivity  to  digitalis  (9e,  f).  In  addition  the  relationships  be¬ 
tween  cellular  potassium  transfers  and  acid-base  equilibrium  in  humans  and 
animals  with  and  without  intact  kidney  function  have  been  defined  (9g-k). 
In  this  last  group  of  experimental  studies,  the  animal  has  an  artificial  glo¬ 
merular  function  but  no  renal  tubular  function,  thus  permitting  differentia¬ 
tion  of  which  ionic  transfers  are  initiated  primarily  in  the  peripheral  tissue 
cells  and  which  are  initiated  in  the  cells  of  the  renal  tubule.  Undoubtedly 
the  artificial  kidney  is  currently  being  put  to  still  other  experimental  uses. 

D.  Clinical  Operation 


J*10  treatment  of  human  patients  with  an  extracorporeal  dialyzer  or 
artificia  kidney  requires  a  well-trained  and  well-co-ordinated  team  which  is 

t.hnrnnfrh  hr  ~  _ l 


an  artificial  kidney  will  be,  or  should 
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be,  undertaken  in  other  than  the  larger  medical  institutions  where  ancillary 
scientific  facilities  are  adequate  and  available. 

Some  of  the  problems  of  operation  may  be  listed  as  follows:  a)  The  appa¬ 
ratus  must  be  cleaned  and  set  up  without  leaks  in  the  blood  or  dialyzing 
solution  circuits,  b)  The  apparatus  must  be  sterilized  on  the  blood  side, 
c)  The  apparatus  must  then  be  primed  with  hank  blood  of  the  correct 
type;  in  the  Skeggs-Leonards  dialyzer  and  in  the  West inghouse-Al wall  unit 
as  used  in  our  departments  this  amounts  to  400  to  500  ml.  d)  Dialyzing 
solution  must  then  he  prepared  of  the  correct  compositions  and  in 
adequate  amounts.  Directions  for  the  preparation  and  the  composition  of 
the  dialyzing  solutions  used  in  our  Skeggs-Leonards  are  presented  in  table 
25-1.  These  solutions  are  close  to  interstitial  extracellular  fluid  in  ionic 
composit  ion  and  hydrogen  ion  concentration.  By  using  such  a  dialyzing  solu¬ 
tion  diffusible  solutes  which  are  present  in  abnormally  high  concentration 
in  the  blood  move  down  the  concentration  gradient  into  the  dialyzing 
solution  (e.g.,  urea,  phosphate,  potassium,  components  of  the  “x”  or  un¬ 
determined  acid  fraction  of  the  Gamble  diagram,  or  exogenous  substances 
such  as  salicylates),  and  those  in  abnormally  low  concentration  (e.g.,  sodium 
or  calcium)  in  the  blood  are  replenished  by  movement  down  the  concentra¬ 
tion  gradient  from  the  dialyzing  solution,  e)  Adequate  blood  flow  from 
and  to  the  patient  must  be  established.  This  usually  means  cannulating 
the  radial  artery  and  inserting  a  polyethylene  tube  into  the  inferior  vena 
cava  through  the  saphenous  vein.  Both  of  these  procedures  require  a  surgi¬ 
cal  cutdown,  and  at  the  end  of  the  dialysis  the  vessels  must  be  tied  off 
and  the  incision  properly  closed.  The  patient  must  be  given  heparin  in  the 
proper  priming  and  maintenance  doses  to  produce  adequate  but  not  ex¬ 
cessive  anticoagulation.  This  is  judged  by  previous  experience  or  by  meas¬ 
uring  at  intervals  the  coagulation  time  of  blood  samples  taken  from  the 
afferent  blood  stream  in  the  apparatus.  At  the  end  of  the  dialysis  the  effect 
of  the  heparin  is  nullified  by  an  injection  ol  protamine  (10a,  b). 

The  effect  of  dialysis  on  the  concentration  of  blood  urea-nitrogen  in 
acute  renal  failure  is  shown  in  figure  25-5.  The  effect  on  other  abnormalities 
in  concentration  and  in  acid-base  equilibrium,  on  the  same  patient,  is 
shown  in  figure  25-6.  The  correction  of  the  metabolic  acidosis  by  the  dialytic 
removal  of  retained  undetermined  acids,  phosphate,  and  sulfate,  and  excess 
potassium  in  the  extracellular  fluid  are  probably  more  important  for  the 
physiologic  welfare  of  the  severely  uremic  patient  than  is  the  iemo\al 
luA,  but  all  of  these  corrections  depend  upon  the  efficiency  of  the  artificial 

k' IdtrafiltratioiAy  the  artificial  kidney  is  possible  only  m  those  appa¬ 
ratuses  with  rigid  support  of  the  cellophane  (e.g.. 

This  process  may  be  defined  as  the  mass  movement  ol  fluid,  solvent  a.. 
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*  450  ml.  of  each  stock  solution  is  made  up  separately;  when  ready  to  use  the  2  stock  solutions 
are  added  to  17,000  ml.  tap  water,  making  a  total  of  18  liters,  (1/40  dilution).  pH  of  the 
combined  solution  is  tested  and  adjusted  to  7,4  by  adding  a  small  amount  of  HC1  or  NaOH. 

§  Procedure  according  to  Bluemle  et  al  (  5i  ). 
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Potient  :  V.N.,  48  9  W,  Transfusion  reaction  — 

acute  renal  failure 

•  Dialysis 
e  hr*. 


Urine 

volume 

liters 
per  day 


\  1 

xl 

0 

A 

Time  -  day*  0  5  10  15  20  25  30 

Fig  25-5.  Effect  of  a  Single  Dialysis  with  the  Skeggs-Leonards  Artificial 
Kidney  on  the  Concentration  of  Blood  Urea-Nitrogen  in  a  Patient  with 

Acute  Renal  Failure 
From  Bluemle  et  al.{ 5i) 

as  diffusible  solute,  through  a  semipermeable  membrane  by  the  apposition 
of  hydrostatic  pressure  to  osmotic  pressure  of  the  restrained  solutes  (see 
figure  1-9).  In  the  situation  under  discussion  the  term  ultrafiltration  refeis 
to  the  movement  from  blood  to  dialyzing  solution  of  water  as  well  as  certain 
solutes  down  a  gradient  of  hydrostatic  pressure.  In  the  Skeggs-Leonards  or 
Westinghouse-Alwall  apparatus  the  hydrostatic  pressures  of  the  blood  and 
dialyzing  solutions  can  be  readily  controlled.  We  have  found  that  the  conse¬ 
quent  shifts  of  water  can  easily  be  quantitated  by  serial  weighings  o  e 
patient  who  is  dialyzed  on  a  stretcher-scale.  While  some  workers  have  uu 
indifferent  success  with  this  process  in  removing  edema  fluid,  Miller  an 
Leonards  and  ourselves  have  found  ultrafiltration  by  the  Skeggs-Leonards 
machine  to  be  an  effective  and  useful  therapeutic  process  m  some  circum¬ 
stances,  in  keeping  with  the  findings  in  experimental  animals  (7b,  <  )• 
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I-ig.  2o-6.  Effect  of  a  Single  Dialysis  with  the  Skeggs-Leonards  Artificial 
Kidney  on  Serum  Electrolyte  Concentration  and  Blood  Acid: Base 
Indices,  in  the  Same  Patient  with  Acute  Renal  Failure  Shown 

in  the  Preceding  Figure 
From  Bluemle  et  al.  (5i) 


This  is  illustrated  in  figure  25-7  in  which  1500  milliliters  of  fluid  were  re¬ 
moved  in  this  way  from  an  overhydrated  patient  in  acute  renal  failure 
with  concomitant  clearing  of  the  clinical  signs  of  pulmonary  edema  Miller 
and  Leonards  have  removed  six  liters  of  fluid  from  such  a  patient  during  one 
run  on  then-  artificial  kidney  (lid).  However,  much  needs  to  be  learned 
of  the  hemodynamic  factors  which  must  condition  this  maneuver. 

thfuTo  Z:::;r  ,ate  has  been  sufficie“%  “tensive  to  establish 
use  of  the  artificial  kidney  as  a  safe  procedure  in  the  hands  of  exneri 

onced  operators  and  to  clarify  many  of  the  physiological  and  biochemical 

effects  of  the  procedure.  Kolff  has  treated  many  patients  (12a),  Merrill  and 
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T.S. 

Changes  in  weight  and  respirations  during  dialysis 
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Fig.  25-7.  Use  of  the  Skeggs-Leonards  Artificial  Kidney  as  an  Ultrafiltrator 
to  Remove  Edema  Fluid,  in  a  Patient  with  Acute  Renal  Failure 
The  application  of  a  negative  hydrostatic  pressure  led  to  a  net  loss  from  blood  into 
the  dialyzing  solution  of  approximately  1500  ml.  of  fluid,  as  well  as  of  retained  solutes. 
This  transfer  of  water  from  the  patient  is  reflected  in  the  drop  in  body  weight.  Con¬ 
comitantly  the  pulmonary  rales  diminished  and  the  respiratory  rate  returned  toward 

normal.  (From  Bluemle  et  nl.  (5i).) 


associates  in  Boston  have  probably  had  the  widest  experience  in  the  world 
having  performed  over  400  clinical  dialyses  at  the  time  of  this  writing  (12b). 
The  United  States  Army  team  in  Korea  attained  rapidly  an  extensive  mi  i- 
tarv  experience  with  the  artificial  kidney  (4m,  12c),  and  many  other  workers 
too  numerous  to  include  in  anything  other  than  an  indus.verev.ew  have 
successfully  used  one  or  others  of  the  main  prototypes  described  above 

civilian  practice. 


E.  Indications  for  Use 


Attitudes  of  responsible  clinicians  towards  the  art  ificial  kidney  range f ® 
the  belief  that  there  is  no  indication  for  it  to  the  expectation  of  far  too  much 
m  Bv  some  of  (he  former  it  has  been  stated  that  in  acute  renal failure 
a  h  acute  tubular  damage  or  “lower  nephron  nephrosis the  20  to  30  pc, 
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cent  mortality  rate  of  good  conservative  therapy  is  no  higher  than  that  re¬ 
ported  for  those  treated  with  an  artificial  kidney,  and  that  therefore  there 
is  no  indication  for  vivodialysis  in  this  condition  (2m).  On  the  other  hand 
some  groups  of  workers,  including  the  authors,  believe  that  even  with  good 
conservative  medical  therapy  the  over-all  mortality  of  this  condition  is 
closer  to  50  per  cent  (13a,  b).  This  higher  mortality  results  from  the  inclu¬ 
sion  in  the  series  of  many  complicated  cases  with  profound  circulatoiy  dis¬ 
turbances  and  high  catabolic  rates,  as  found  in  severe  trauma  (crush 
injuries,  military  wounds),  in  severe  infection  (septic  abortion,  liver  ab¬ 
scesses),  or  following  upon  extensive  operative  procedures  (pulmonary  and 
cardiac  surgery).  In  the  opinion  of  the  authors  dialysis  may  be  a  lifesaving 
procedure  in  such  a  situation,  though  it  is  impossible  to  prove  this  statis¬ 
tically  at  this  time.  It  is  our  impression  that  in  these  and  in  related  situa¬ 
tions  the  artificial  kidney  is  a  valuable  adjunct  to  good  conservative  medical 
therapy,  and  does  not  represent  a  radical  form  of  treatment. 

It  should  be  emphasized  that  dialysis  has  no  place  as  a  last-ditch  measure 
to  try  tn  snatch  from  the  jaws  of  death  the  patient  who  is  moribund  with 
irreversible  changes.  To  determine  when  such  a  state  impends  requires 
careful  judgment.  We  believe  that  dialysis  should  be  instituted  early  in  the 
course  of  anuria  according  to  the  clinical  state  of  the  patient  and  the  “cata¬ 
bolic  index”  (12b),  and  be  repeated  if  necessary  later  on.  As  a  “rule  of 
thumb”  we  usually  urge  dialysis  on  the  fifth  or  sixth  day  of  virtual  anuria. 
The  extraordinary  clinical  improvement  in  terms  of  clearing  of  sensorium, 
disappearance  of  nausea  and  return  of  appetite,  which  frequently  occurs 
after  dialysis,  has  impressed  many  of  those  who  have  used  the  artificial 
kidney.  We  do  admit  however  that  statistical  analysis  of  a  much  wider  ex¬ 
perience  is  needed  to  prove  beyond  peradventure  of  a  doubt  that  dialysis 
adds  something  over  and  above  good  medical  managment.  To  those  who 
believe  that  such  is  the  case,  the  following  indications  pertain. 

1.  Acute  renal  failure  due  to  tubular  necrosis  (e.g.,  hemolytic  reaction, 
nephrotoxins,  shock  with  anoxia)  is  the  chief  clinical  category  in  which 
dialysis  should  be  considered.  The  indications  in  this  situation  are  a)  rapid 
clinical  deterioration,  b)  a  rapid  catabolic  rate  or  “index”  as  indicated  by 
the  rate  of  rise  of  BUN,  plasma,  creatinine,  phosphate,  and  undetermined 
anion  concentrations,  and  fall  in  total  carbon  dioxide  content,  c)  increasing 
hyperkalemia  with  electrocardiographic  evidence  of  cardiotoxicity  which 
is  unresponsive  to  other  measures  such  as  resin  enemas,  d)  intractable  pul¬ 
monary  edema,  or  e)  the  continuation  of  virtual  anuria  for  five  or  six  days. 

The  dialyzer  should  not  in  general  be  used  in  acute  glomerulonephritis 
since  the  prognosis  of  this  disease  is  excellent.  However,  if  far-advanced 
renal  failure  supervenes  with  the  changes  described  in  the  preceding  para¬ 
graph  it  should  be  applied  without  hesitation  (14a). 
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2.  In  chronic  renal  insufficiency  the  indications  for  dialysis  are  cer¬ 
tainly  less  urgent  and  have  yet  to  be  worked  out.  It  is  possible  that  life  in 
such  patients  may  be  prolonged  by  repeated  dialysis. 

3.  Acute  intoxication  by  salicylates,  bromides,  or  barbiturates  has 
been  shown  to  be  successfully  treated  by  dialysis  (14b-g).  The  use  of  the 
artificial  kidney  in  such  situations  is  presumably  indicated  only  where  the 
severity  of  the  poisoning  suggests  that  the  usual  conservative  methods  of 
treatment  may  fail. 

4.  Intractable  edema  in  congestive  heart  failure  has  been  treated  by 
ultrafiltration  in  an  artificial  kidney  with  varying  success  (7b).  The  indica¬ 
tions  for  its  use  in  this  condition  have  yet  to  be  established. 


F.  Contraindications  to  Vivodialysis 

Aside  from  inexperience  and  inadequate  apparatus,  extracorporeal  dialy¬ 
sis  is  primarily  contraindicated  by  any  bleeding  tendency  in  the  patient. 
This  is  especially  true  of  those  with  gastrointestinal  bleeding  or  intracranial 
hemorrhage.  As  indicated  earlier,  anticoagulation  with  heparin  has  to  be 
attained  to  a  greater  or  lesser  degree  in  order  to  shunt  the  blood  from  the 
patient.  Promotion  of  hemorrhage  by  this  measure,  therefore,  may  threaten 
the  patient’s  life. 

IV.  Replacement  of  Blood  as  an  Alternative  to  Vivodialysis 

The  removal  and  replacement  of  blood  is  not  of  course  a  dialytic  pro¬ 
cedure  but  it  is  discussed  at  this  point  because  it  has  been  employed  as  an 
alternative  to  gastrointestinal  lavage,  peritoneal  irrigation,  or  extracor¬ 
poreal  vivodialysis. 


A.  Exchange  Transfusion 

Exsanguino-transfusion  consists  of  repeatedly  withdrawing  blood  from 
the  patient  and  replacing  it  with  equal  volumes  of  cit  rated  normal  >  oo  . 
Seven  or  eight  liters  may  be  exchanged  over  some  six  hours  which  may  re¬ 
place  up  to  80  per  cent  of  an  adult  patient’s  blood  volume.  Successful  treat¬ 
ment  of  acute  renal  failure  by  this  method  has  been  reported  (3  ,  15a).  It 
is  perhaps  best  known  as  a  neonatal  means  of  saving  the i  life  of  erjthio- 
blastotic  infants  by  replacing  Rh  positive  red  cells  with  Rh  negative  red 
cells  and  so  halting  intravascular  hemolysis.  In  the  severely  uremic  patien 
this  method  is  more  widely  available,  though  less  efficient  than  dialysis,  m 
removing  the  retention  products  outlined  in  the  previous  section. 


B.  Cross  Transfusion 

This  procedure  has  been  attempted  in 
connecting  the  circulation  of  the  patients 
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normal  kidneys  (15b).  The  purpose  is  to  permit  the  latter  to  clear  the  blood 
of  the  former.  This  is  hazardous  to  the  donor  because  of  possible  incom¬ 
patibility  of  blood  types  and  consequent  hemolytic  reaction  and  can  prove 
fatal.  With  the  availability  of  modern  methods  of  dialysis  this  procedure 
should  never  be  used. 


Summary:  Living  membranes  such  as  those  of  the  peritoneum  and  gas¬ 
trointestinal  tract,  or  artificial  ones  such  as  cellophane,  can  be  used  to  per¬ 
mit  bidirectional  exchanges  of  water  and  solutes  between  the  body  fluids 
and  external  baths.  The  concentrations  of  constituents  of  the  bath  deter¬ 
mine  the  direction  of  transfers.  Thus,  a  lower  level  potassium  in  the  bath 
permits  withdrawal  of  this  electrolyte  from  the  body.  The  relative  inefficacy 
or  complexity  of  gastrointestinal  perfusion  procedures  and  the  problems  of 
infection,  blockage,  protein  loss  and  acid-base  regulation  in  peritoneal 
lavage  have  led  to  the  development  of  several  types  of  artificial  kidneys 
for  dialysis.  Those  which  provide  a  rigid  support  of  the  cellophane  also  may 
remove  water  by  ultrafiltration.  Devices  of  this  type  have  proved  useful  in 
acute  renal  failure,  particularly  in  therapy  of  hyperkalemia  and  in  intoxica¬ 
tions  with  salic}rlates  and  barbiturates.  They  also  may  prove  to  have  a  role 
in  producing  partial  remissions  in  chronic  renal  diseases  with  superimposed 
acute  exacerbations  or  complications. 
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Appendix 


THE  BALANCE  TECHNIC 


The  balance  technic  for  determining  exchanges  of  any  body  constituent 
consists  of  an  algebraic  summation  of  all  intake  and  output  as  determined 
by  direct  measurements  or  by  means  of  estimates  within  experimentally 
established  parameters.  The  actual  amounts  involved  are  often  expressed 
per  unit  of  body  mass  so  that  the  magnitude  of  the  change  can  be  related 
percentage-wise  to  the  endogenous  stores  of  the  particular  component  under 
scrutiny.  It  is  also  customary  to  subdivide  the  net  or  external  balance  into 
“extracellular”  and  “cellular”  components. 

I.  ilalance  Procedure 

1  he  following  outline  presents  a  sample  of  one  of  several  procedures  which 
can  be  used  in  conducting  balance  studies.  The  sequence  is  important;  ex¬ 
perience  indicates  that  even  after  many  studies  a  check  list  is  still  indis¬ 
pensable  if  blunders  and  omissions  are  to  be  avoided. 

In  the  postaboi  ptive  state,  and,  ii  possible,  after  several  days  trial  main¬ 
tenance  on  the  dietary  regimen  to  be  used  during  the  study: 

1.  Empty  bladder  completely. 

2.  Obtain  accurate  body  weight  without  clothing  (see  fig.  A-l). 

3.  \\  ithdraw  blood  lor  serum  and  analyses. 

4.  Start  balance  period  (7:00  a.m.). 

5.  Administer  carmine  red  capsule  (0.3-O.G  gram)  as  stool  marker. 

6.  Accurate  intake  of  water,  duplicate  diet  or  fortified  milk  formula  at 
intervals  as  desired  but  ending  each  day  at  midnight, 

'•  Collect  all  stools  after  discarding  specimens  marked  by  initial  dose 
of  dye;  avoid  contamination  with  urine  if  experiment  demands  this 

S.  Collect  all  urine  with  preservative  as  indicated. 

9.  Collect  vomitus,  drainage,  etc. 

10.  Note  any  intervals  of  sweating. 
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B 

Fig.  App.-l 


B  DHSfam  ofhtheSptciple  of  suspension.  In  I,  the  stretcher  top  is  supported  by 
the  can,  (a,  'so  that  the  truss  (6)  is  out  of  contact  with  thescjde  inform  W  -- 

SSm  "hence  L  stretcher  top,  to  be  supported  entirely  by  the  scale 

platform  <c)  so  that  we.ghmg  nmy  be  made^  Bluemle,  Jr.  and  J.  E.  El- 

This  scale  was  designed  by,  and  descriDeu  .y, 

kinton  (2). 
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11.  End  balance  period  as  in  1,  2,  and  3  but  save  urine. 

12.  Administer  carmine  red  and  continue  stool  collection  through  and 
including  the  marked  stools. 

II.  External  or  Net  Balances 

In  external  balances  all  input  via  oral  and  parenteial  loutes  and  all  le- 
moval  or  loss  in  blood,  urine  and  feces,  as  well  as  the  output  through  the 
lungs,  skin  and  any  other  route  are  taken  into  account. 

A.  Measurements  and  Estimates  of  Solids  and  of  Water 

In  the  usual  analysis  of  duplicate  diets  to  determine  intake,  particular 
care  must  be  given  to  exact  matching  of  consumed  items  and  to  thorough 
mixing  so  that  representative  aliquots  are  obtained  for  chemical  determina¬ 
tion.  Incineration  or  wet  ashing  is  a  prerequisite  for  the  latter.  The  expense 
and  labor  involved  in  this  aspect  of  balance  studies  can  be  materially 
decreased  however  by  use  of  whole  milk  or  dialyzed  milk  formulae  of  known 
composition.  These  can  be  fortified  with  milk  protein  and  carbohydrate  to 
provide  sufficient  calories  and  nitrogen  and  can  be  supplemented  with  iron 
and  vitamins.  This  type  of  maintenance  diet  minimizes  the  need  for  re¬ 
peated  diet  analyses,  allows  an  accurate  measurement  of  all  wasted  intake, 
lends  itself  readily  to  the  preparation  of  low  sodium  or  low  potassium 
regimens,  is  an  excellent  vehicle  for  supplementary  solutes,  and  finally 
permits  an  estimate  of  the  probable  electrolyte  and  nitrogen  content  of 
formed  stools  without  actual  analyses  of  feces  (table  A-I).  Among  the 
disadvantages  one  should  cite  the  fact  that  some  adults  do  not  find  these 
formulae  as  palatable  as  do  children  and  that  their  lack  of  bulk  and  the 
high  calcium  content  may  be  undesirable  in  certain  experiments.  Some  of 
these  objections  can  often  be  met  by  supplements  of  known  composition 
such  as  rice,  fruits,  etc.  This  is  especially  effective  in  enhancing  the  paya¬ 
bility  of  the  intake  in  studies  extended  over  intervals  of  days  or  weeks. 

The  water  in  general  diets  has  to  be  obtained  by  adding  the  obvious 
volumes  which  have  been  taken  to  the  water  content  of  the  diet  itself  as 
determined  by  desiccation.  In  the  case  of  milk  formulae  it  should  be  re¬ 
membered  that  the  addition  of  solutes  will  alter  the  percentage  of  water 
in  the  final  mixture.  In  both  types  of  regimens  the  electrolyte  composition 

of  tap  water  must  be  kept  in  mind  when  intake  of  any  element  is  being 
rigidly  controlled. 


B.  M easurements  and  Estimates  of  Output 

1.  In  urine.  From  the  quantitative  viewpoint  the  loss  in  urine  is  usually 
the  most  significant  component  in  the  output  column.  Calcium,  iron  and 
other  elements  or  compounds  which  are  ordinarily  eliminated  in  proper 
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P'ig.  App.-2.  Different  methods  of  charting  balance  data. 

The  daily  intake  output,  and  balance  of  sodium  arc  plotted  in  four  different  ways. 
These  data  are  taken  from  an  edematous  patient  receiving  cation  exc  ",<l 

varying  amounts  of  dietary  sodium  (case  presented  m  greater  deta.  .  ig. .13  5 . 
A  is  the  classical  method  of  Albright  et  a I.  (3a)  in  wh.ch  .ntake  .s  plotted  dow award 
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tionately  greater  amounts  in  feces  than  in  urine  represent  obvious  excep¬ 
tions  to  this  generalization.  Also  disease  states  charactei ized  by  diarrhea, 
vomiting  and  intestinal  drainage  or  by  sweating,  exudation  or  transudation, 
can  increase  the  magnitude  of  the  losses  via  the  gastrointestinal  tract  and 
skin  to  the  point  where  they  exceed  the  excretion  in  urine.  1  his  is  especially 
apt  to  be  true  of  constituents  such  as  sodium  and  chloride  which  may 
virtually  disappear  from  the  urine  with,  for  example,  depletion  of  body 
stores.  Furthermore,  oliguria  or  anuria  may  minimize  the  renal  contribution 
so  that  output  via  other  routes  becomes  the  important  determinant  of  the 
nature  and  the  amount  of  the  losses  from  the  body  even  though  these  may 
not  be  increased  above  levels  characteristic  in  health. 

2.  In  feces.  Under  the  experimental  conditions  employed  in  studies  in 
which  almost  all  of  the  excretion  of  a  component  occurs  via  some  route 
other  than  the  intestinal  tract,  the  output  in  formed  stools  can  usually  be 
neglected.  Liquid  diarrheal  stools  on  the  other  hand  should  always  be 
analysed  because  of  the  unpredictable  and  frequently  high  content  of 
electrolytes. 

Collection  of  the  feces  in  a  yvide  mouth  tared  glass  container  and  espe¬ 
cially  in  one  yvhich  can  be  attached  directly  to  a  blending  machine,  greatly 
simplifies  the  processing  of  the  specimen  for  analyses.  It  is  obvious  that  if 
output  is  to  be  partitioned  betyveen  urine  and  stools  that  admixture  of  the 
two  must  be  avoided  during  collection.  Storage  of  the  stool  overnight  or 
longer  in  distilled  yvater  together  yvith  several  milliliters  of  concentrated 
sulfuric  acid  facilitates  the  measurement  of  representative  aliquots  for 
analysis.  1  his  should  be  done  immediately  after  adding  sufficient  distilled 
yvater,  mixing  and  determining  the  final  volume  of  the  suspension.  Suffi- 


from  the  zero  base-line  and  output  upward  from  the  intake.  Urinary  output  is  indi¬ 
cated  by  diagonal  cross-hatching,  fecal  output  by  vertical  lining.  Negative  balances 
aie  those  portions  of  the  columns  above  the  zero  line,  and  positive  balances  are  repre¬ 
sented  by  blank  areas  below  the  zero  line;  in  this  way  losses  from  the  body  are  em¬ 
phasized. 

B  is  the  method  used  by  the  authors  throughout  this  book  and  elsewhere  (3b,  c)  • 
it  is  the  same  as  that  of  Albright  et  al.  except  that  it  is  inverted  so  that  positive 
balances  are  plotted  upward  and  negative  balances  downward.  Both  of  these  methods 
have  the  advantage  that  the  various  types  of  output  can  be  visualized:  thus  it  is 
shown  that  the  major  loss  of  sodium  is  fecal  rather  than  urinary 

l  o  ia 'the.  method used  by  Moore  and  Ball  (3d).  Total  intake  and  total  output  are 
plotted  as  in  B,  but  the  balance  is  emphasized  by  the  cross-hatched  areas  above  and 

Ind  i°„  ?hareaa  KW'  r  6  T  The  difrercnt  routM  »f  excretion  are  not  shown 
loss  was  tSthe8feceser  0re’  ’nf°'ma,ion  is  "0t  that  the  major  sodium 

1>  differs  from  C  in  that  the  output  is  plotted  downward  from  the  zero  base-line 
er than  from  the  intake.  The  balance  is  superimposed  as  an  independent  plot  and 
is  emphasized  as  m  C.  Likewise,  the  different  routes  of  excret ion  are  not  shown 
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cient  accuracy  can  usually  be  obtained  by  using  10  or  20  cc  serological 
pipettes  with  wide  delivery  openings.  Analyses  for  sodium  and  for  potas¬ 
sium  by  means  of  flame  photometry  are  readily  possible  if  the  aliquots  are 
wet  ashed  by  the  Wallace  technic  (la).  The  measurement  of  stool  chloride 
by  the  Hald  method  can  be  further  simplified  by  mass  rather  than  indi¬ 
vidual  digestion  of  the  samples  (lb).  Stool  nitrogen  is  determined  by  the 
Kjeldahl  procedure  after  pipetting  of  the  samples  directly  into  the  digestion 
flask.  The  experience  in  this  laboratory  concerning  analyses  for  other  stool 
components  is  insufficient  to  permit  authoritative  comment. 

In  balance  experiments  in  which  the  subject  is  maintained  on  either  a 
whole  milk  or  low  sodium  milk  formula  the  fecal  excretion  of  sodium, 
chloride,  potassium  and  nitrogen  can  be  estimated  from  the  means  and 
standard  deviations  which  the  authors  have  accumulated  in  control  studies 
(lc).  The  findings,  Table  A-I,  have  been  expressed  per  100  grams  of 
formed  stool  per  day,  and  save  in  the  case  of  nitrogen,  per  gram  of  nitrogen. 

3.  Output  through  skin,  via  lungs,  in  sweat,  transudates  and 
exudates.  In  the  nonsweating  healthy  subject  evaporation  of  water 
through  the  skin  and  respiratory  tract  is  second  in  volume  only  to  water 
losses  in  urine.  If  the  renal  output  is  impaired  or  decreases  in  adjustment  to 
inadequate  intake,  then  the  insensible  perspiration  becomes  the  pre¬ 
ponderant  and  in  large  measure,  irreducible  route  of  body  water  loss.  In 
the  adults  with  ordinary  levels  of  metabolic  activity  this  amounts  to  about 
one  liter  each  24  hours.  In  actual  practice  its  magnitude  is  taken  to  be  the 
unexplained  difference  between  the  algebraic  sum  of  the  intake  and  output 
of  water.  This  figure  will  of  necessity  reflect  the  inherent  and  unrecognized 
errors  in  measurements  of  weight  and  volume,  and  as  such  must  represent 
only  an  approximate  estimate.  Similar  errors  are  present  in  utilizing  the 
metabolic  mixture  or  the  caloric  expenditure  as  an  index  of  insensible  water 
loss  (Id).  If  more  accurate  data  are  needed,  then  measurements  of  body 
weight  change  by  means  of  a  sensitive  scale  or  balance  are  necessaiy. 

The  extrarenal  water  losses  become  greater  with  sweating,  vomiting, 
draining  fistulae,  exuding  surfaces,  and  with  diarrhea.  Actual  weight  meas¬ 
urements  of  such  water  losses  are  feasible  though  often  laborious.  In 
general  this  aspect  of  balance  studies  is  most  readily  simplified  by  studious 
avoidance  of  situations  in  which  quantification  is  either  difficult  or  impos- 

"‘Quantitatively  significant  losses  of  electrolytes  can  ami  do  occur  through 
e  intact  nonsweating  skin  (lc).  In  balance  studies  conducted  in ^.n  ants 
of  sufficient  magnitude  to  warrant  careful  collection  and  analyse; 

tedium  is  usually  avoided,  with  as  yet  unestab- 

lished  justification,  in  adult  subjects.  Incidentally,  no  data  are  avails  e 
as  to  whether  exhalations  of  the  lungs  or  integument  contain  any  signifies 


the  intact 
those  are 
of  bath  water  (If),  but  this 
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amounts  of  elements  ordinarily  considered  to  leave  the  body  in  nonvolatile 

form.  . 

When  sweating,  exudation  and  transudation  are  supeiimposed  upon  t  it 

insensible  perspiration,  the  balance  study  necessitates  quantitative  meas¬ 
urements  of  these  or  it  must  be  abandoned.  In  the  former,  careful  collections 
on  properly  processed  clothing  or  other  material  have  been  employed. 

III.  Calculations  of  the  External  Balance  and  of  the  Extracellular 

and  Cellular  Components 


The  authors  have  found  it  helpful  to  utilize  printed  forms  in  setting  up 
balances.  Tables  A-II  through  A-VI  shows  work  sheets  employed  during 
the  balance  procedures.  Forms  used  for  calculations  are  presented  as  tables 
A-VII  through  A-X.  In  the  first  of  these,  summarized  information  per¬ 
tinent  to  the  calculations  of  the  external  balance  is  recorded.  Serum  and 
blood  values  are  entered  in  the  next  table  and  corrections  for  serum  water 
and  the  Donnan  effect  are  made,  in  this  instance,  for  chloride,  sodium  and 
potassium.  In  the  following  table  the  chloride  space  is  used  to  estimate 
changes  in  the  so-called  extracellular  water,  sodium  and  potassium.  In 
table  A-X  the  important  correction  for  changes  in  nonprotein  nitrogen  is 
introduced  into  the  net  or  external  balance  of  nitrogen  and  the  “cell  bal¬ 
ance”  of  potassium  is  related  to  protein  changes.  The  formulae  have  been 
taken  from  our  publications,  and  are  identical  in  substance  with  previous 
descriptions  from  this  and  other  laboratories  as  illustrated  in  chapter  3  of 
this  text.  Tables  A-XI  through  A-XIII  illustrate  forms  useful  for  final 
presentation  of  data  (see  chap.  3  for  exact  equations). 

IV.  Interpretations 


The  interpretation  of  values  obtained  by  balance  studies  presents  many 
insufficiently  appreciated  problems.  Part  of  the  explanation  for  the  latter 
undoubtedly  lies  in  the  fact  that  the  completion  of  the  balance  procedure, 
despite  the  simplicity  of  its  concept,  requires  the  gathering  of  a  formidable 
array  of  data.  The  latter  naturally  limits  the  number  of  studies  which  can 
be  conducted  and  at  the  same  time  results  in  a  tendency  to  generalization 
from  a  small  group  of  observations.  The  problem  is  further  complicated,  as 
will  be  seen,  by  the  introduction  of  certain  reasonable  assumptions  the 
errors  in  which  will  inevitably  be  compounded  by  nature  of  the  algebraic 
summation.  In  the  discussions  which  follow  emphasis  will  be  placed  upon 

identihcation  of  original  and  derived  data  and  indicating  the  currently 
justifiable  deductions.  ^ 


A.  Net  or  External  Balances 


kour  pertinent  comments  should  be  made  concernimr  extprnnl  hdo 
These  deal  with  the  effects  of  antecedent  diet  and  intake,  the  lengths 
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the  study,  the  assignment  of  fecal  excretion  data,  and  finally,  anabolism 
and  storage  as  factors  in  the  output. 

1.  It  is  obvious  that  an  unrestricted  regimen  may  provide  the  organism 
with  excesses  of  certain  constituents.  These  will  be  eliminated  in  subsequent 
intervals  and  could  be  erroneously  ascribed  to  some  other  variable  in  the 
balance  study.  This  blunder  can  be  avoided  by  prebalance  periods  during 
which  the  subject  is  maintained  on  the  same  regimen  which  will  be  em¬ 
ployed  in  the  study  itself.  Frequent  subdivisions  of  the  balance  study  into 
shorter  intervals  will  also  serve  to  detect  the  effects  of  antecedent  intake 
but  greatly  increases  the  laboratory  work  and  obviously  introduces  the 
possibility  of  cumulative  errors.  On  the  other  hand,  in  depleted  subjects 
this  cannot  be  done,  if  repletion  is  to  be  demonstrated. 

2.  Insofar  as  duration  of  the  balance  study  is  concerned  it  is  the  general 
custom  to  extend  it  over  several  days.  Five  to  seven  days  have  proved 
sufficient  in  our  hands  in  establishing  control  values  for  the  subsequent 
introduction  of  variables  which  influence  sodium,  potassium,  chloride  and 
nitrogen  exchanges.  This  range  has  also  proved  adequate  for  calcium 
studies.  Longer  periods  may  be  necessary  in  the  case  of  elements  or  com¬ 
pounds  with  a  greater  biological  half-life,  and  intervals  as  short  as  a  few 
hours  may  have  to  be  used  with  rapidly  eliminated  constituents. 

3.  Ordinarily  the  fecal  excretion  of  any  item  under  study  is  assigned  to 
the  balance  period  demarcated  in  time  by  carmine  red  administration.  It 
should  be  pointed  out  that  in  actuality  the  gastrointestinal  contents  present 
at  the  time  of  the  study  differ  greatly  in  composition  from  those  of  the 
formed  stool  which  is  subsequently  obtained  for  analysis.  In  the  interim 
constituents  have  been  removed  and  added  in  unmeasured  quantities.  In 


actual  practice  this  dilemma  is  ignored  by  assuming  that  the  contents  of  the 
intestinal  tract  are  part  of  the  body  stores.  Since  there  is  no  obvious  res¬ 
olution  evident,  experiments  should  be  designed  to  minimize  the  quantita¬ 
tive  importance  of  the  intestinal  and  fecal  components  in  the  over-all 

balance. 

4.  It  should  be  constantly  remembered  that  a  host  of  processes  influence 
retention  or  excretion  from  the  body.  Thus  one  might  logically  expect 
that  destruction  of  tumor  tissue  by  means  of  nitrogen  mustard  should 
release  potassium  and  nitrogen  for  excretion  in  the  urine.  However  these 
elements  will  not  be  lost  from  the  body  if  they  are  incorporated  into  other 
cells  (lh).  Moreover  retention  per  se  cannot  be  taken  as  a  conclusive  indica¬ 
tion  of  the  prior  existence  of  deficits  of  a  particular  constituents.  The  lag 
in  the  excretion  of  cations  administered  in  excess  of  daily  needs  is  a  we  - 
known  example  of  the  temporary  sojourn  which  might  be  interpreted  as 

repletion. 
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B.  Extracellular  and  Cellular  Balances 

Differences  of  opinion  are  extant  concerning  the  validity  of  changes  in 
the  chloride  space  as  an  index  of  extracellular  volume.  For  purposes  of  this 
discussion  it  is  probably  sufficient  to  point  out  that  the  test  substance  which 
gives  the  smallest  volume  of  distribution  is  not  a  priori  the  most  precise 
index  of  the  extracellular  space.  Evidence  is  available  for  example  that 
inulin  penetrates  much  more  slowly  into  connective  tissues  which  are,  from 
the  viewpoint  of  their  composition,  more  closely  related  to  extracellular 
than  to  cellular  fluid.  Rather  than  assume  a  premature  position  on  this 
subject  the  writers  prefer  to  emphasize  three  sets  of  fundamental  facts 
concerning  the  so-called  extracellular-cellular  partitions. 

1 .  Electrolytes  can  enter  and  leave  cells  in  response  to  a  wide  variety  of 
processes  such  as  overfeeding,  depletion,  dehydration,  muscular  activity, 
glycogen  deposition,  tissue  formation,  interruption  of  carbohydrate  metabo¬ 
lism,  anoxia,  etc.  At  this  point  of  our  knowledge  establishment  of  the  fact 
is  more  important  than  quantification. 

2.  Whether  or  not  the  concentration  of  a  particular  component  in  cell 
water  is  altered  will  depend  upon  whether  or  not  comparable  changes  occur 
in  cell  water  itself.  In  the  latter  changes  in  the  osmotic  activity  of  cell 
base  may  play  a  heavy  role. 

3.  1  he  changes  in  the  total  amounts  and  concentrations  of  electrolytes 
and  of  water  involved  in  any  net  transfer  need  not  be  uniformly  distributed 
throughout  the  “non-extracellular”  space,  irrespective  of  the  index  em¬ 
ployed. 

All  three  of  these  facts  are  compatible  with  the  hypothesis  that  external 
balances  of  any  component  can  represent  changes  in  cells,  with  or  without 
alterations  demonstrable  by  means  of  tissue  analysis,  and  with  or  without 
increases  or  decreases  in  the  osmotic  activity  of  cell  solutes. 


1.  (a) 


(b) 


(c) 


(d) 

(e) 
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Table  App.-II 

HOSPITAL  OF  THE  UNIVERSITY  OF  PENNSYLVANIA 

NUTRITION  HISTORY 


Last  name  First 

Name 

History  Number 

Location  Service 

Date 

Sex  Age 

Marital  Status 

Previous  Diet 

Hgt.  Act.wgt. 

Desired  Weight 

INTAKE: 

FOOD 

TOTAL  PER  DAY 

or  week 


Morning: 


Noon: 


Night: 


Between  Meals: 


MILK-WHOLE 
SKIM 
CANNED 
CHEESE 
EGGS 
MEAT 
FISH 
LEGUMES 
BACON 
CREAM 
BUTTER 
OTHER  FAT 
FRUIT- RAW 

COOKED 

VEGETABLES-RAW 

COOKED 

POTATOES 

POTATO  SUBSTITUTE 
CEREAL-REFINED 
WHOLE  GRAIN 
CRACKERS 
SUGAR 
DESSERTS 
TEA 

COFFEE 

ALCOHOL 

WATER 

VITAMINS 

SALT 

OTHER  SEASONINGS 
TOTAL  FLUID  INTAKE 
MISCELLANEOUS 


FOOD  DISLIKES  AND  IDIOSYNCRASIES 


COOKING  FACILITIES 


ADEQUACY  OF  INCOME 


SUMMARY  AND  RECOMMENDATIONS 
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FOOD  CONSUMED  gms.  cc.  P  F  CHO  Cal  Na.  K  Cl  N  Ca  P  Mg.  A  Solids 
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Table  App.-VI 


INTAKE  AND  OUTPUT  DATA:  CALCULATION  OF  EXTERNAL  BALANCES 
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CALCULATION  OF  CHANGES  IN  EXTRACELLULAR  HsO.  AND  IN  EXTRACELLULAR  AND  CELLULAR  NA  AND  K 
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BODY  WEIGHT  AND  ANALYSES  OF  BLOOD  AND  SERUM 
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Table 

SAMPLE  THIRTY  MILLIGRAM 


BREAKFAST 

ORANGE  JUICE 

50 

grams 

OATMEAL 

50 

grams 

TOAST  (UNSALTED) 

12.5  grams 

BUTTER  (UNSALTED) 

5 

grams 

SODIUM  FREE  MILK 

140 

grams 

CASEC 

10 

grams 

Subtotal 

DINNER 

POTATOES 

100 

grams 

GREEN  BEANS 

50 

grams 

BREAD 

25 

grams 

BUTTER 

20 

grams 

SODIUM  FREE  MILK 

240 

grams 

COCA-COLA 

120 

grams 

TOMATO  SALAD 

50 

grams 

ORANGE 

100 

grams 

CASEC 

5 

grams 

Subtotal 

SUPPER 

BEAN  SOUP 

100 

grams 

MACARON 1 

150 

grams 

BREAD 

25 

grams 

BUTTER 

10 

grams 

SODIUM-FREE  MILK 

120 

grams 

COCA-COLA 

60 

grams 

GREEN  PEPPER 

as 

desired 

CUCUMBER 

50 

grams 

PEARS  (RAW) 

50 

grams 

CASEC 

10 

grams 

Subtotal 

TOTAL 

App.-XIV 

SODIUM  DIET  (1490  calories) 


Prot. 

Fat 

CHO 

Na 

K 

(gms) 

(gms) 

(gms) 

(mgm) 

(mgm) 

- 

• 

5 

0.25 

95 

1 

- 

7.5 

0.5 

85 

1 

- 

7.5 

0.5 

9 

- 

5 

- 

0.25 

0.2 

4 

5 

6 

3.0 

160 

8.8 

0.  2 

- 

1.0 

14.8 

10.2 

26.0 

5.50 

349.2 

2 

- 

15 

0.8 

410 

1 

- 

1.5 

0.45 

150 

2 

- 

15.0 

1.0 

18 

- 

20 

- 

1.0 

0.8 

8 

10 

12.0 

6.0 

320 

- 

11.4 

1.2 

62 

_ 

- 

-  * 

1.5 

115 

- 

• 

10.0 

0.3 

170 

4.4 

0.1 

- 

1.0 

- 

17.4 

30. 1 

64.9 

13.25 

1245.8 

1.23 

- 

5 

0.3 

433 

9.75 

0.8 

57 

0.7 

120 

2.0 

- 

15 

1.0 

18 

10 

- 

0.5 

0.4 

4 

5 

6 

3.0 

160 

- 

5.7 

0.6 

31 

0.5 

115 

_ 

7.9 

2.0 

100 

8.8 

0.  2 

- 

2.0 

25.78 

16.0 

96.6 

10.6 

977.4 

58.00 

56.0 

187.5 

29.5 

2572 

milliequivalents 

1.3 

66 

Supplemented  with  iron  and  vitamins 
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Table  App.-XV 


SAMPLE  FIFTY  MILLIGRAM  SODIUM  DIET  (2644  calories) 


Prot. 

Fat 

CHO 

Na 

K 

BREAKFAST 

(gms) 

(gms) 

(gms) 

(mgm) 

(mgm) 

ORANGE  JUICE 

100 

grams 

- 

- 

10 

.5 

190 

OATMEAL 

100 

grams 

2 

- 

15 

2.  0 

170 

TOAST  (UNSALTED) 

25 

grams 

2 

- 

15 

1.0 

18 

BUTTER  (UNSALTED) 

10 

grams 

- 

10 

- 

.  5 

.  4 

SODIUM-FREE  Ml 

LK 

240 

grams 

8 

10 

12 

6.  0 

320 

CASEC 

15 

grams 

13.2 

0.3 

- 

3.0 

“ 

Subtotal 

25.2 

20.3 

52 

12.0 

698.4 

DINNER 

POTATOES 

300 

grams 

6 

- 

45 

2.4 

1230 

GREEN  BEANS 

100 

grams 

1 

- 

3 

.9 

300 

BREAD 

25 

grams 

2 

- 

15 

1.0 

18 

BUTTER 

30 

grams 

- 

30 

- 

1.5 

•.  1.2 

SODIUM-FREE  Ml 

ILK 

240 

gr  ams 

8 

10 

12 

6.0 

320 

COCA-COLA 

120 

grams 

- 

- 

11.4 

1.2 

62 

TOMATO  SALAD 

50 

grams 

- 

- 

- 

1.5 

115 

ORANGE 

100 

grams 

- 

- 

10 

.3 

170 

CANNED  PEACH 

100 

grams 

- 

- 

20 

5.0 

31 

CASEC 

15 

grams 

13.2 

0.3 

- 

3.0 

- 

Subtotal 

30.2 

40.3 

116.4 

22.8 

2247.2 

SUPPER 

BEAN  SOUP 

300 

grams 

5 

• 

15 

1.0 

1300 

MACARON 1 

300 

grams 

19.5 

1.9 

114 

1.5 

240 

BREAD 

25 

grams 

2 

- 

15 

1.0 

18 

BUTTER 

10 

grams 

- 

10 

. 

.5 

.4 

SODIUM-FREE  Ml 

LK 

240 

grams 

8 

10 

12 

6.0 

320 

COCA-COLA 

120 

grams 

- 

- 

11.4 

1.2 

62 

GREEN  PEPPERS 

as  desired 

_ 

CUCUMBER 

50 

grams 

- 

• 

.5 

115 

BANANA 

100 

grams 

- 

_ 

20 

.5 

420 

PEARS  (RAW) 

100 

grams 

- 

• 

15.8 

2.0 

100 

CASEC 

15 

grams 

13.2 

0.3 

3.0 

Subtotal 

47.7 

22.  2 

203.2 

17.2 

2575.4 

TOTAL 

103. 1 

82.8 

371.6 

52.0 

5521.0 

(milliequivalents 

2.2 

141.5 

Supplemented  with  iron  and  vitamins 
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Table  App.-XVI 

OTHER  CONSTITUENTS  WHICH  MAY  BE  USED  IN  A  FIFTY  MILLIGRAM  SODIUM  DIET 


BEVERAGES: 

COCA-COLA,  FRUIT  JUICES,  SODIUM-FREE  DIALYZED  MILK, 
WATER 

CEREALS: 

Cooked:  CREAM  OF  WHEAT(PLAI N) ,  CORN  MEAL,  0ATS(R0L- 
LED),  RALSTON,  WHEATENA 

Dry:  PUFFED  RICE,  PUFFED  WHEAT,  SHREDDED  WHEAT 

FRUIT: 

ANY  FRESH  FRUIT  EXCEPT  CANTALOUPE 

Canned:  APPLESAUCE,  APR  1  COTS,  CHERR 1 ES,  GRAPES,  PEA¬ 
CHES,  PEARS,  PINEAPPLE,  PRUNES,  DATES,  FIGS, 
(RAW  OR  CANNED),  LEMON  JUICE 

MISCELLANEOUS: 

BREAD(UNSALTED) ,  BUTTER(UNSALTED) ,  CASEC,  CINNAMON, 
CLOVES,  COCOA (Hershey ) ,  C0C0NUT(FRESH  OR  UNSALTED), 
CORNSTARCH,  FLOUR,  HONEY,  JELLY,  MACARONI,  MUSTARD, 
NECCO  WAFERS.  NUTS(UNSALTED) ,  PEANUT  BUTTER (UNSAL- 
TED),  PEPPER(BLACK) ,  POPPED  CORN (UNSALTED),  VINEGAR, 
SPAGHETTI,  SPRY,  SUGAR 

VEGETABLES: 

asparagus(fresh  or  frozen),  beans(dry  NAVY,  FRESH  OR 

FROZEN  GREEN,  FRESH  L 1 MA,  SOY) ,  CORN  ON  COB  (FRESH), 
CRANBERRIES,  CUCUMBERS,  EGGPLANT,  LENTILS,  LETTUCE, 
ONIONS,  PEAS(FRESH),  PEPPER(GREEN) ,  POTATO,  TOMATO, 
RICE 

Variety  has  been  added  to  the  diet  by  use  of  readily  available  pro¬ 
prietary  handbooks  describing  the  use  of  protein  supplements  modi¬ 
fied  when  necessary  by  eliminating  those  ingredients  that  would  in¬ 
crease  the  sodium  content  of  the  diet  above  fifty  milligrams. 

All  foods  to  be  cooked  without  addition  of  salt. 

This  diet  must  be  supplemented  with  iron  and  vitamins. 
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beverage 


bread 


CEREAL 


FAT 

FRUIT 

MEAT  or 
alternate 


Table  App.-XVII 

LOW  SODIUM  DIET-APPROXIMATELY  200  MGM. 

LOW  SODIUM  MILK  (2  CUPS) 

TEA 

FRUIT  JUICE 

COCOAC<( American  PROCESS)  MADE  WITH  LOW  SODIUM  MILK 
OR  WATER 

YEAST  BREAD  OR  ROLLS,  MADE  WITHOUT  SALT  OR  MILK  AS 
DESIRED 

COOKED  WITHOUT  SALT  -  AS  DESIRED 
PUFFED  WHEAT 
PUFFED  RICE 
SHREDDED  WHEAT 

ANY  UNSALTED  FAT,  AS  DESIRED 

AS  DESIRED  (LIMIT  CANTALOUPE  AND  DRIED  FIGS  TO  ONE 

serving) 

EGG  -  LIMIT  TO  ONE  A  DAY 

MEAT  OR  FISH  -  5  OUNCES  COOKED  WEIGHT 

ANY  FRESH  MEAT,  EXCEPT  KIDNEY,  LIVER 

ANY  FOWL 

ANY  FRESH  FISH 

OYSTERS 


POTATO  or 
alternate 

SEASONING 

SOUPS 

DESSERTS 

SWEETS 


AS  DESIRED 
ANY  EXCEPT  SALT 

CREAM  SOUPS,  MADE  FROM  ALLOWED  FOODS 

MADE  FROM  ALLOWED  FOODS,  SUCH  AS  UNSALTED  FRUIT  PIE, 
FRUIT  TAPIOCA,  CORNSTARCH  PUDDING 

JAM,  JELLY,  HONEY,  MAPLE  SYRUP,  WHITE  SUGAR,  AS 
DESIRED 


VEGETABLES 


1  CUP  OF  FRESH  OR  FROZEN  OR  CANNED  WITHOUT  SALT: 


ASPARAGUS 
GREEN  BEANS 
WAX  BEANS 
FRESH  LIMA  BEANS 
NAVY  BEANS 
PEAS,  FRESH 
TOMATOES 
SOY  BEANS 


BROCCOLI 

BRUSSEL 

CABBAGE 

CARROTS 

CAULIFLOWER 

RUTABAGAS 

TURNIPS 

PARSLEY 


COW  PEAS 

EGGPLANT 

ENDIVE 

LENTILS, 

SQUASH 

CORN 

LETTUCE 

PARSN I  PS 


DRY 


1.  No  salt,  soda  or  baking  powder  used  in  the  preparation  of  any 
foods. 

2.  No  meat  juices,  broths,  or  gravies  are  to  be  used. 

3.  Frozen  lima  beans  and  peas  are  salted. 
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Table  App.-XVIII 

LOW  SODIUM  DIET  APPROXIMATELY  800  MG.  * 

powder'is  Ised  i^th'e'pJeparaUo^of^y^ood1^  S°da'  °r  baking 

~dl“'  “  Sh0Uld 


BEVERAGE 


ANY  KIND,  UNSALTED 


BREAD 


YEAST  BREAD  (MADE  WITHOUT  SALT) 


CEREAL 


ANY  CEREAL  COOKED  WITHOUT  SALT 
PUFFED  RICE 
PUFFED  WHEAT 
SHREDDED  WHEAT 


DESSERT  ICE  CREAM 

PUDDING  (UNSALTED) 

CUSTARD 

GELATINE  DESSERT 
FRU IT  WHIPS 

SPONGE  AND  ANGEL  CAKE  (UNSALTED) 
PIE  (UNSALTED) 

FAT  ANY  UNSALTED  FAT 


FRUIT 


ANY  FRUIT 


MEAT  or 
alternate 


UNSALTED  COTTAGE  CHEESE,  FISH  OR  MEAT;  EGGS 


POTATO  or 
alternate 

SEASONING 

SOUP 

SWEETS 

VEGETABLE 


MACARONI,  SPAGHETTI,  NOODLES 
RICE,  POTATO 

ANY  EXCEPT  SALT 

CREAMED  SOUP  FROM  ALLOWANCE 

HONEY,  SYRUP,  SUGAR,  JELLY  AND  JAM 

ANY  FRESH  OR  FROZEN  OR  CANNED  WITHOUT  SALT 


EXCLUDE  the  following  foods: 

1.  Salted,  smoked  and  prepared  meats;  any  cheese  except  cottage; 
meat  gravies;  and  meat  broth. 

2.  All  commercially  canned  vegetables,  relishes,  and  salad  dres¬ 
sing,  unless  prepared  without  salt. 

3.  Frozen  lima  beans  and  peas  are  salted. 


* 


800  mgm.  sodium  equals  2  gm.  NaCl. 


Table  App.-XIX 
neutral  ash  diet 


FOOD 

AMOUNT 

ACID 

ALKALINE 

15 

MILK 

720  cc 

9.6 

ORANGE  JUICE 

200  cc 

OATMEAL 

30  gm 

4.  8 

BREAD 

180  cc 

10.  2 

0 

11.0 

EGGS 

BUTTER 

- 

SUGAR 

- 

CHICKEN 

90  gm 

9.  6 

BEEF 

90  gm 

10.  8 

a  9 

grapefruit 

100  gm 

9  d 

applesauce 

100  gra 

o  n 

POTATO 

100  gm 

y  •  v/ 

CARROTS 

100  gm 

13.  5 

CORN 

100  gm 

2.  0 

RICE  (DRY) 

30  gm 

2.8 

GRAHAM  CRAX 

2 

2.2 

TOTAL 

53.4 

53.7 

Table  App.-XX 


NUMBER  OF  MILLIGRAMS  OF  VARIOUS  IONS  PER  100  CC. 

ONE  MILLIEQUI VALENT  PER  LITER 

PROVIDING 

Ion 

Atomic  or 
Radicular 
Weight 

Valence 

No.  of 
mg./lOO  cc. 
Providing 

1  mEq/1. 

Hydrogen  [h+] 

1.008 

1 

0.  10 

Sodium  [Na+] 

22.997 

1 

2.30 

Potassium  [k+] 

39.096 

1 

3.91 

Calcium  [Ca++] 

40.08 

2 

2.00 

Magnesium  [wg++] 

24.32 

2 

1.22 

Chloride  [ci~] 

35.457 

1 

3.55 

Bicarbonate  [hC03‘ 

1 

61.018 

1 

6.  10 

Bi phosphate  ^PO, 

96.996 

1 

9.70 

Phosphate  [hpO^’] 

95.988 

2 

4.80 

Bi sulfate  [HS04“] 

97.074 

1 

9.71 

Sulfate  [S041 

96.066 

2 

4.80 
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effect  on  extracellular  water,  415 
effect  on  sodium,  84,  146 
epinephrine  stimulation  of,  21 
neural  stimulation  of,  21 
prevention  of  side  effects  of,  425 
source  of,  404 

Acacia,  parenteral  use  of,  534,  540 
Acetate,  in  vitro  effect  on  potassium 
transfers,  73 
Acids:  see  Anions 
definition,  242 

Acid-base:  see  Anion -cation  balance 
definition,  239 
Acidifying  salts 
method  of  action,  225 
parenteral  use,  530,  536 
Acidosis 
definition,  250 
metabolic 
acid  urine  in,  480 
buffer  anion  in,  270,  271 
caused  by  boric  acid,  270 
clinical  signs,  271,  311 
convulsions  in,  480 
definition,  251 
diagnosis,  271,  479,  480 
exogenous  acids,  due  to,  480 
experimental,  270 
hyperchloremia  as  cause,  270 
hyperchloremic,  due  to  NaCl  ther¬ 
apy,  535 

hyperpnea  in, 480 
hyperventilation  in,  271 
in  acute  renal  failure,  299 
in  chronic  renal  failure,  311 
in  diabetic  acidosis,  270,  374,  480 
in  diarrhea,  480 
in  methanol  poisoning,  270 
in  renal  disease,  480 
in  renal  rickets,  318 
in  renal  tubular  acidosis,  320 
in  salicylate  poisoning,  270 
in  uremia,  270 

in  use  of  cation  exchange  resins,  219, 
223 

low  blood  buffer  base  in,  480 


low  serum  CO 2  in,  480 
metabolic  alkalosis,  combined  with, 
515-517 

muscle  analysis  in,  72 
paraldehyde,  due  to,  270 
pH  in,  270,  480 
primary  buffer  deficit  in,  250 
pulmonary  responses  to,  279 
renal  responses  to,  271,  279 
serum  electrolytes  in,  271 
therapy  of,  271 

therapy  of  potassium  deficit,  in,  538 
therapy  with  artificial  kidney,  556, 
558,  559,  561 

therapy  with  sodium  alkali  solu¬ 
tions,  536 

therapy  with  sodium  in  edema  and 
hypertension,  514,  515 
tubular  reabsorption  of  bicarbonate 
in,  256 

muscle  analysis  in,  72 
respiratory 
acid  urine  in,  480 
bicarbonate  reabsorption  in,  265 
buffer  cation  in,  267 
buffer  systems  in,  278 
CO2  inhalation  as  cause  of,  262 
definition  of,  251 
effect  on  intracellular  buffer,  262 
hypochloremia  in,  267 
in  anesthesia,  267 
in  asthma,  267 

in  bronchial  obstruction,  267 

in  congestive  heart  failure,  267,  346 

in  emphysema,  267,  480 

in  infection,  267 

in  poliomyelitis,  267 

in  pulmonary  fibrosis,  267 

in  pulmonary  insufficiency,  480 

pH  changes  in,  262,  480 

plasma  CO 2  in,  480 

primary  carbonic  acid  excess  in,  250 

renal  responses  to,  278 

serum  C02  in,  480 

sodium  transfers  in,  265 

therapy  of,  267 

use  of  oxygen  in,  268 


593 


594 


INDEX 


Active  transport 
expenditure  of  energy  in,  9-10 
in  body  fluids,  4 

in  interstitial  and  intracellular  fluid 
13-16 

of  water,  93 
redox  pump  in,  15-16 
Activity,  role  in  congestive  heart  failure, 
348 

Acute  glomerulonephritis :  see  Glomerulo¬ 
nephritis 

Acute  renal  failure:  see  Renal  failure 
Acute  tubular  necrosis,  291,  465 
as  cause  of  tubular  dysfunction,  318 
causes  of,  292 
characteristics  of  urine,  295 
clinical  features  of,  296 
duration  of,  296 
histopathology  of,  292 
history  of,  292 
hypokalemia  in,  295 
in  diabetic  acidosis,  376 
mortality  with  conservative  therapy, 
560,  561 

potassium  loss  in,  168 
synonyms  for,  292 

therapy  with  artificial  kidney,  560-561 
treatment  during,  307 
urea  clearance  during,  295 
Adaptation 

osmoregulatory  mechanisms  in,  42 
to  cold  environment,  55-56 
to  fresh  water  by  protovertebrates, 
42-43 

to  fresh  water  via  primitive  glomerulo¬ 
tubular  kidney,  43 
to  heat,  56 

Addison’s  disease,  see  Adrenocortical  in¬ 
sufficiency 

Adenosine  triphosphate 
as  source  of  energy,  4 
in  diabetes  mellitus,  375 
Adrenal  adenoma,  424 
Adrenal  carcinoma,  424 
Adrenalectomy,  465 
Adrenal  cortex 

activity  in  diabetic  acidosis,  376 
androgenic  compounds,  elaboration  of, 
416,  417 

cortisone,  relation  to  adrenocortical 
steroids,  415 

effect  of  potassium  loading,  148 

effect  of  potassium  restriction,  148 

effect  of  sodium  loads  on,  145 

effect  on  blood  cells,  417 

effect  on  carbohydrate  metabolism,  417 

effect  on  edema,  202 

effect  on  eosinophils,  417 

effect  on  gastrointestinal  tract,  146 

effect  on  GFR,  415 

effect  on  lymphoid  tissue,  417 

effect  on  nitrogen  balances,  417 


effect  on  sodium  and  water  in  men¬ 
strual  cycle,  406 
effect  on  sweat,  146, 167 
electrolyte  adjustment  in  absence  of 
ACTH,  405 
glycocorticoids  of,  416 
hydrocortisone,  elaboration  by,  415 
in  hypochloremic  alkalosis,  415 
in  hypokalemia,  415 
in  regulation  of  potassium  excretion, 
414 

in  regulation  of  sodium  excretion,  414 
in  salt  retention,  202 
in  sodium  restriction,  144 
in  sodium  retention,  415,  417 
in  water  retention,  202 
insufficiency  in  Sheehan’s  and  Sim- 
mond’s  syndromes,  405 
17-ketosteroid  excretion  by,  417 
mineralocorticoids  of,  416 
role  in  gluconeogenesis,  417 
sodium  retention  with  DOC,  aldos¬ 
terone,  cortisone,  417 
zona  fasciculata,  415 
zona  glomerulosa,  414 
zona  reticularis,  417 
Adrenal  hyperplasia,  424 
Adrenocortical  insufficiency 
ACTH  increase  in,  421 
carbohydrate  metabolism  in,  420 
chloride  loss  in,  419 
circulatory  collapse  due  to  sodium  and 
chloride  loss,  420 
clinical  features  of,  420 
crises  in,  421 

effect  of  cation  exchange  resins,  222 
following  ACTH  therapy,  418 
following  cortisone  therapy,  418 
17-ketosteroid  excretion  in,  419 
muscle  analysis,  72 
nausea  and  vomiting  in,  421 
pigmentation  in,  421 
potassium  retention  in,  419,  481-483 
range  of  chloride  deficit,  498,  506 
range  of  nitrogen  deficit,  504,  510 
range  of  potassium  excess,  504,  510 
range  of  sodium  deficit,  499,  508 
range  of  water  deficit,  498,  506 
renal  regulation  in,  21 
salt-wasting  nephritis  and,  168 
sodium  deficit  due  to,  144,  419,  476,  478 
therapy  of,  421 

therapy  of  extracellular  fluid  deficit 
with  sodium  chloride,  535 
therapy  of  potassium  excesses,  227 
water  excretion  in,  419 
Adrenocortical  steroids 

as  cause  of  metabolic  alkalosis,  480 
effect  on  adrenal  function,  421 
effect  on  gastrointestinal  tract,  19 
effect  on  sodium  excretion,  144 
in  renal  tubular  transfers,  21,  22 
in  sodium  excesses,  476,  478 
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in  tubular  transfers,  21 
influence  on  edema  in  menstrual  cycle, 
201 

potassium  deficit  caused  by,  479,  481 
prevention  of  side  effects  of,  425 
relation  to  sweating,  57 
role  in  congestive  heart  failure,  344 
role  in  volume  regulation,  23 
use  in  differential  diagnoses  of  hyper- 
adrenocorticism,  424 
use  in  hepatic  coma,  367 
use  of  potassium  with,  225 
Adrenocorticotropin :  see  ACTH 
Adrenogenital  syndrome,  423 
Aging,  effect  on  muscle  analysis,  72 
Air,  adaptation  to,  45-47 
Albumin:  see  also  Serum  proteins 
calculation  of  requirement,  514 
concentrated  salt-poor,  534,  540 
Aldosterone,  415 
effect  on  sodium  excretion,  144 
effect  on  potassium,  324 
effect  on  renal  tubular  transfers,  21 
Alkali  ingestion 

as  cause  of  metabolic  alkalosis,  480 
as  cause  of  renal  failure,  319 
Alkali  metals,  geochemical  and  biological 
distributions,  40-41 
Alkaline  reserve:  see  Anion-cation,  6 
definition,  251 
Alkalosis 
definition,  250 

effect  on  muscle  analysis,  72 
high  potassium-low  sodium  solution  for 
alkalosis,  532,  538 
metabolic 

balance  study  in  potassium  de¬ 
ficiency,  100 

buffer  anion  levels  in,  480 
clinical  signs  of,  273 
combined  with  metabolic  acidosis, 
515-517 

contraindications  to  potassium  chlo¬ 
ride,  515-517 
definition  of,  251 
experimental  production  of,  270 
hypopnea  in, 480 

in  adrenocortical  steroid  therapy. 
480 

in  congential  chloride  diarrhea,  273 
in  congestive  heart  failure,  345 
in  Cushing’s  disease,  480 
in  excessive  alkali  ingestion,  273,  480 
in  gastrointestinal  electrolyte  losses, 
273,  480 

in  mercurial  diuresis,  273,  480 
in  potassium  depletion,  480 
in  vomiting,  163 

in  vomiting  and  renal  insufficiency, 
515-517 

intracellular  potassium  deficiency  in 
270  ’ 

muscle  analysis  in,  72 


muscle  analysis  in  potassium  de¬ 
ficiency,  101 
pH  changes  in,  270,  480 
plasma  CO2  changes  in,  273^ 
potassium  deficiency  and,  273 
primary  buffer  excess  in,  250 
pulmonary  responses  in,  270,  279 
renal  response  in, 270,  279 
serum  CO2  in,  480 
serum  electrolytes  in,  273 
serum  potassium  values  in,  480 
tetany  as  sign  of,  480 
therapy  of,  273 

therapy  of  potassium  deficit  with 
solutions,  532,  538 

therapy  with  ammonium  chloride, 
273,  515-517,  536 

therapy  with  hydrochloric  acid,  515- 
517,  536 

tubular  reabsorption  of  bicarbonate 
in,  256 

urine  pH  in,  273,  480 
respiratory 
alkaline  urine  in,  480 
bicarbonate  excretion  in,  265,  268 
buffer  anion  in,  262 
buffer  systems  in,  278 
complicating  metabolic  anion-cation 
disturbances,  515-517 
definition  of,  251 

effect  on  intracellular  buffers,  262 

hyperventilation  in,  262,  480 

in  anoxia,  268 

in  CNS  lesions,  268,  480 

in  emotional  disturbances,  268,  480 

in  encephalitis,  480 

in  familial  periodic  paralysis,  398 

in  fever,  268 

in  high  altitudes,  62 

in  salicylate  poisoning,  268 

loss  of  fixed  cation  in,  265 

pH  changes  in,  262,  480 

plasma  CO2  changes  in,  480 

potassium  excretion  in,  265 

primary  carbonic  acid  deficit  in,  250 

renal  responses  in,  278 

respirator  produced,  516-517 

serum  CO2  changes  in,  480 

tetany  in,  269,  480 

therapy  of,  269 

Aluminum,  potassium  sequestration  in 
illite,  40 
Amino  aciduria 
in  Fanconi  syndrome,  323 
in  relation  to  tubular  dysfunction,  325 
types  of,  325 

Ammonia  retention,  in  hepatic  coma,  367 
Ammonium  chloride 
as  diuretic,  224 
parenteral  use  of,  530,  536 
use  in  congestive  heart  failure,  351 
use  in  metabolic  alkalosis,  273 
use  in  respiratory  acidosis,  273 
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Ammonium  ion 

hydrogen  transfers  in  calculation  of 
urinary,  88 

role  in  renal  regulation  of  anion-cation 
balance,  22,  254 

Ammonium  nitrate,  as  diuretic,  224 
Amniotic  egg,  in  adaptation  to  air  and 
land,  46 
Amphibians 
evolution  of,  43 

osmoregulatory  mechanisms  in,  48-50, 
45-46 

total  osmolar  concentration  in  body 
fluids,  44 

water  balance  in  desert  amphibians,  52 
Androgens,  effect  on  electrolytes,  407 
Anemia 

cardiac  output  in,  343 
therapy  with  transfusions,  540 
Anion  exchange  resins 
chemistry,  218 
use  in  acidosis, 218 
Anions 

definition,  241 

differential  distribution  in  cellular 
fluids,  15 

exogenous  anions  as  cause  of  metabolic 
acidosis,  480 
in  body  fluids,  117 
in  extracellular  fluid,  6-7 
in  intracellular  fluid,  6-7 
Anion-cation  balance 
ammonium  excretion  in,  254 
buffer  anion  in,  250 
carbonic  acid  in,  250 
carbonic  anhydrase  in,  253 
compensatory  mechanisms  in,  250,  262 
diagnosis  of  disturbances  of,  479,  480 
dynamic  inter-actions  in,  261 
effect  of  acute  salicylate  poisoning,  276 
effect  of  ammonium  chloride  adminis¬ 
tration,  254 

effect  of  ketosis  in  vomiting  infant,  277 
effect  of  vomiting  in  renal  failure,  277 
essentials  in  determination  of,  248 
excretion  of  free  acids  in,  253_ 
gastrointestinal  factors  in,  250 
in  diabetic  acidosis,  250 
in  emphysema,  250 
in  hyperventilation,  252 
intracellular  and  extracellular  trans¬ 
fers  in,  256 

mixed  disturbances  in,  274,  515-517 
pH  as  measure  of  disturbances  in,  262, 
275 

plasma  CO  2  in,  250 

primary  and  secondary  reactions  in 
maintenance  of,  261 
pulmonary  factor  in,  250,  252 
renal  factors  in,  22, 250, 252 
renal  tubular  ion  exchanges  in,  253 
tubular  reabsorption  of  bicarbonate  in, 

256 


use  in  clinical  medicine,  248 
use  of  acid-base  grid,  277 
use  of  NaHC03  in  diabetic  acidosis,  275 
use  of  Singer-IIastings’  nomogram  in, 
248 

value  of  buffer  cation  in  mixed  disturb¬ 
ances,  275 

value  of  plasma  C02  in  mixed  dis¬ 
turbances,  275 

Anorexia,  effect  on  body  weight,  157 
Anoxia:  see  also  Oxygen 
changes  in  cell  osmolarity,  93 
role  in  congestive  heart  failure,  343 
Anterior  pituitary:  see  Pituitary 
Antidiuretic  hormone 
chloruretic  effect,  437 
effect  in  cirrhosis,  364 
effect  in  congestive  heart  failure,  342 
effect  of  water  deficits  on,  168 
effect  of  water  loads  on,  141 
effect  on  tubular  reabsorption,  21 
effect  on  tubular  transport  of  sodium, 
22 

effect  on  water  excretion,  22-27 
formula  for,  141 
hypertonic  urine  and,  47 
in  self -regulating  mechanism  of  water 
balance,  26-27 
levels  in  edema,  439 
mechanism  of  action  of,  141 
natriuretic  effect,  437 
posterior  pituitary  production  of,  21 
relation  to  thirst,  24 
role  in  volume  regulation,  23 
sources,  141 

use  in  diabetes  insipidus,  437 
Antipyrine, 
space, 77-78,  80-81 
volume  of  distribution  technic,  76 
Anuria:  see  also  Renal  failure 
etiology  of,  294 
factor  in  water  balance,  495 
Appetite,  relation  to  thirst  centers,  26 
Arteriovenous  shunts,  cardiac  output  in, 
343 

Arthropods,  osmoregulatory  mechanisms 
in  terrestrial  arthropods,  48-50 
Artificial  kidney:  see  Vivodialysis 
Alwall-Westinghouse  type,  551-552, 
554 

asepsis  in  use  of,  232 
azotemia,  treated  by,  558-561 
blood  flow  in,  556 
Bluemle  type,  552 

composition  of  dialyzing  solution,  557 
contraindications  to  use,  562 
development  of,  551 
experience  to  date  with,  559-560 
experimental  use,  555 
indications  for  use,  560-562 
kinetics  of,  552-555 
Kolff  type,  551-552 
operation  of,  555-556 


INDEX 


597 


relation  to  conservative  therapy,  560 
561 

Skeggs-Leonards  type,  552-555 
therapy  of  potassium  excess,  556,  558- 
559,  561 

types  of,  551-554 

ultrafiltration  in,  552-553,  556,  558-560 
urea  clearance  or  “dialysance”  in,  552- 
553,  555 

use  in  acute  glomerulonephritis,  561 
use  in  acute  intoxication,  562 

use  in  acute  renal  failure,  556,  558-561 
use  in  barbiturate  poisoning,  562 
use  in  bromide  poisoning,  562 
use  in  cardiac  edema,  562 
use  in  chronic  renal  failure,  562 
use  in  uremic  acidosis,  556,  558-559,  561 
use  in  salicylate  poisoning,  562 
use  of  anticoagulation  with,  556 
Ascites,  etiology  in  cirrhosis,  362 
Asphyxia,  effect  on  glomerular  filtration, 
51 

A.T.  10,  actions  on  Ca  and  P,  151 
Atmosphere  of  earth,  condensation  in 
evolution,  36-37 
Atomic  weights,  591 
ATP:  see  Adenosine  triphosphate 
Azotemia:  see  Renal  failure 
in  diabetic  acidosis,  376 


Balance,  metabolic, 
hydrogen,  calculation  of,  88 
negative  and  positive  balance  defined, 
83 

Balance  technic 
anabolism  as  factor  in,  576 
assignment  of  fecal  excretion,  576 
calculation  of  bicarbonate  transfers, 
87-88 

charting  of  balance  data,  88-90,  572-573 
chloride  as  measure  of  extracellular 
fluid,  83-85,  88 

clinical  and  experimental  use,  83,  90 
control  period  length,  576 
defined,  83 

derived  data  defined,  83 
details  of  procedure,  569,  571 
effect  of  length  of  study,  575-576 
extra-renal  water  losses  in,  574-575 
fecal  measurements,  573,  574 
in  calculation  of  potassium  transfers, 
86 

in  calculation  of  sodium  transfer,  86 
in  hydrogen  transfers,  87-88 
in  intracellular  fluid  changes,  86,  89-90 
in  potassium  deficiency  and  metabolic 
alkalosis,  100 

in  study  of  congestive  heart  failure,  99 
insensible  water  loss  in,  574-575 
interpretation  of  repletion,  576 
interpretations,  575-577 
measurement  of  external  or  net  bal¬ 
ances,  571-575 


measurement  of  lung  output,  574-575 
measurement  of  skin  output,  574-o/5 
measurement  of  sweat  output,  574-575 
measurement  of  transudates  and  exu¬ 
dates,  574 

measurement  of  urinary  outputs,  571, 
573 

phase  calculations,  575,  577 
use  in  study  of  body  fluids,  498,  499, 
504,  506,  508,  510 
use  of  metabolic  mixture,  574 

Barbiturate  poisoning,  vivodialvsis  in, 
562 

Base:  see  Cation 
definition,  242 

Beri-beri  heart  disease,  cardiac  output 
in,  343 

Bernard,  Claude,  internal  environment, 
5 

Bicarbonate:  see  also  Carbon  dioxide  in 
serum 

as  body  fluid  buffer,  240 
calculation  of  transfers  by  balance 
technic,  87-88 

determination  of  extracellular  concen¬ 
tration,  245 

effect  of  plasma  CO2  on  tubular  reab¬ 
sorption  of,  256 
extracellular  anion,  6-7 
extracellular  transfers  of  bicarbonate 
by  balance  technic,  87-88 
Gibbs-Donnan  factor,  87 
gastrointestinal  tract  exchanges  of,  18 
in  connective  tissue,  79 
in  diagnosis  of  anion-cation  disturb¬ 
ances,  479,  480 
in  dialyzing  solution,  557 
in  excretion  of  extra  cations,  255 
interstitial  fluid  transfers  of  bicar¬ 
bonate  by  balance  technic,  87 
intracellular  transfers  of  bicarbonate 
by  balance  technic,  87-88 
radicular  weight,  591 
plasma  transfers  of  bicarbonate  by 
balance  technic,  87 

red  cell  transfers  of  bicarbonate  by 
balance  technic,  87 

relation  to  other  cations  and  anions. 
245 

renal  excretion  in  calculation  of  trans¬ 
fers  of,  88 

renal  transfers  in  anion-cation  balance, 
22 

transfers  by  balance  technic,  87 
tubular  reabsorption  of,  255 

Bicarbonate,  serum, 
daily  variations  of,  126 
in  vomiting,  163 

levels  in  therapy  of  diabetic  acidosis, 
381 

normal  values  of,  122 
sex  differences  in,  122 
use  in  calculating  anion-cation  bal¬ 
ance,  248 
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Birds. 

evolution  of,  43,  46 

osmoregulatory  mechanisms,  46,  48-50 
osmoregulatory  mechanisms  in  marine 
birds,  50,  52 

total  osmolar  concentration  of  body 
fluids,  44 

Blood 

calculation  of  requirement,  514 
in  study  of  body  fluids,  68 
metabolism  in  vitro,  72-73 
method  of  determining  anion-cation 
balance,  248 

method  of  sampling,  118 
pH  determination,  248 
Blood  flow,  measurement  of  regional, 
93-94 

Blood  volume :  see  also  Plasma  volume 
calculated  from  changes  in  hemo¬ 
globin,  87 
effect  of  heat  on,  56 
effect  of  hypothermia  on,  55 
therapy  with  expanders,  534, 540 
BMR  in  cold  adaptation,  55 
Body  composition 

calculation  in  living  subjects,  94-101 
changes  in  acute  renal  failure,  301 
in  obese  subjects,  95-97 
in  total  desiccated  carcasses,  69 
in  undernourished  subjects,  95-97 
relation  to  body  habitus,  97 
sex  differences,  96 
values  for  average  adults,  96-97 
Body  fat:  see  also  Fat 
estimated  from  isotopic  water  dilution, 
95 

in  average  adult,  96-97 
in  relation  to  body  water,  6,  81 
specific  gravity  measurement,  95 
Body  fluids 

as  a  heterogeneous  system,  93 
compartmental  distribution,  5 
correlated  chemical  dissection  of,  94- 
101 

daily  net  turnover  of  constituents  of, 
494 

definition,  3 

diagnosis  of  disturbances  in,  475 
distribution  by  whole  body  analysis, 
94 

distribution  in  infants,  77 
distributions  in  analyses  of  biopsied 

tiq.QllA 

effect  of  climate,  54-63 
effect  of  cold,  55-56 
effect  of  deep  sea  diving  on,  63 
effect  of  environment  on,  54-63 
effect  of  high  altitude  on,  62-63 
effect  of  sodium  depletion  on,  58^ 
effect  of  water  deprivation  on,  57-62 
factors  in  regional  distribution,  210 
geochemical  relationships,  35-42 
in  Addison’s  disease,  206 


in  congestive  heart  failure,  206 
in  gastro  intestinal  disturbances,  206 
in  nephrosis,  206 

in  relation  to  sodium  changes,  204 
marine  origin  of,  35-42 
metabolic  processes  and  the  distribu¬ 
tion  of,  72-73 
methods  of  study,  68-101 
methods  of  study  of  regional  exchanges 
in,  93-94 

multicompart  mental  character  of,  16- 
18 

paleochemistry,  35-42 
ranges  of  deficits  of  constituents  in 
clinical  conditions,  498,  499,  504, 
506,  508,  510 

structural  components  of,  3 
total  body  content  of  constituents  of, 
494 

total  osmolar  concentrations  in  differ¬ 
ent  species  compared  with  sea 
water,  44 

total  osmolar  concentrations  in  marine 
mammals,  50-52 

Body  habitus,  related  to  body  composi¬ 
tion,  97 

Body  heat :  see  Heat 
Body  solids 

average  adult  fat-free,  96-97 
calculation  of,  95-97 
Body  water:  see  Water,  Water  deficits, 
Water  excesses 
average  adult,  96-97 
balance  calculation  of  changes  in,  84-85 
changes  in  congestive  heart  failure, 
341 

concentrations  in  compartments,  116 
constancy,  134 

estimation  from  specific  gravity,  80-81 
excesses:  net  effect,  201 
in  acute  renal  failure,  296 
in  diabetic  acidosis,  375 
in  diarrhea,  167 
in  hyperthyroidism,  405 
in  total  body  composition,  115 
insensible  loss  of,  139 
magnitude  of,  6 

measurement  by  antipyrine,  77-78,  80- 

81 

measurement  by  desiccation,  77,  81 
measurement  by  deuterium  oxide,  77- 
78, 80-81 

measurement  by  tritium  oxide,  77-78, 
80-81 

measurement  by  volume  distribution 
technic,  76-78 

methods  of  determining,  115 
methods  of  removal  in  congestive  heart 
failure,  350 

principle  in  replacement  of,  186 
ranges  of  variation,  115 
related  to  body  fat,  116 
sources  of,  115 
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total  content  of,  494 

urinary  losses  of,  167 

in  calculation  of  water  balance,  o4  oo 

loss  in  dehydration,  476,  477,  497 

measurement  by  stretcher-scale,  5/U 

oscillation  in,  27 

use  in  fluid  therapy,  304 


as  transcellular  fluid,  80 
fluid  distribution  in  skeleton,  8 
fractures  in  calcium  deficit,  483-4S5 
sodium  exchanges  in,  80 
sodium  stores  in,  143 
Boyle  and  Conway:  see  Conway 
Bromide  .  , 

intoxication,  therapy  with  artificial 
kidney,  562 

use  in  determining  extracellular  vol¬ 
ume,  77,  78,  117 

Buffer  anion:  see  also  Anion-cation 
balance 

calculation  of  hydrogen  transfers,  87- 
88 

definition  of,  251 

role  in  anion-cation  balance,  250 
Buffer  cation:  see  Anion-cation  balance 
calculation  from  Singer-IIastings’ 
nomogram,  248 
definition  of,  251 

equation  for  determining  anion-cation 
equivalents,  247 
excretion  of  excesses,  255 
in  depletion,  255 

in  de  Toni-Fanconi  syndrome,  255 
in  metabolic  acidosis,  480 
in  metabolic  alkalosis,  480 
in  Milkman’s  osteomalacia,  255 
in  renal  tubular  acidosis,  255 
in  respiratory  acidosis,  267 
renal  sparing  mechanisms,  253 
use  in  calculating  anion-cation  bal¬ 
ance,  248 

Buffer  systems :  see  Anion-cation  balance, 
Bicarbonate,  Phosphate,  Protein, 
Carbonic  acid-bicarbonate, 
bicarbonate  type,  242 
definition,  240,  242 
effect  of  law  of  mass  action,  241 
in  maintenance  of  hydrogen  ion  con¬ 
centration,  240 
in  whole  blood,  242 
mechanisms  of  action,  241 
phosphate  type,  242 
protein  type,  242 

validity  of  plasma  sampling  as  measure 
of  other  phases,  246 

Burns 


muscle  analysis  in,  72 

parenteral  fluids  for,  540 

range  of  nitrogen  excess  in,  504-510 

range  of  potassium  deficit,  504,  510 

range  of  sodium  excess,  499,  508 


therapy  with  emergency  oral  salt  solu¬ 
tion,  524-525  . 

use  of  plasma  expanders  in,  514 
Burro 

sweating  in  desert  burro,  53-54,  57 
water  balance  in  desert  burro,  53-54 
Butler’s  solution,  parenteral  use  of,  512, 
533,  538-539 

Caffeine 

as  a  diuretic,  225 
pharmacologic  effects,  225 
Calcification 

of  cornea  in  calcium  excess,  485 
of  soft  tissues  in  calcium  excess,  484, 
485 
Calcium, 

action  of  parathormone  on,  151 

atomic  weight,  591 

deficit 

bone  fractures  in,  483-485 
hypocalcemia  in,  483-485 
hypercalcuria  in,  483-485 
in  hypoparathyroidism,  483-48 
in  pregnancy,  485 
in  renal  tubular  acidosis,  483-485 
in  rickets,  483-485 
in  steatorrhea,  483-485 
osteomalaciain483-485 
osteoporosis  in,  483-485 
renal  stones  in  483^85 
tetany  in,  483-485 
diagnosis  of  disturbances,  483-485 
distribution  in  marine  invertebrates, 
47 

excess 

hypercalcemia  in,  484,  485 
in  high  Ca  intake,  484,  485 
in  high  vitamin  D  intake,  484,  485 
osteoplastic  lesions  in,  484,  485 
renal  insufficiency  in,  484,  485 
renal  stones  in, 484, 485 
soft  tissue  calcification  in,  484,  485 
in  cirrhosis,  362 
in  dialyzing  solution,  557 
in  familial  periodic  paralysis,  398 
in  sea,  38-42 

normal  values  in  serum,  120 
renal  regulation  of  anion-cation  bal¬ 
ance,  22 

use  in  potassium  intoxication,  232 
use  in  treatment  of  acute  renal  failure. 
306 

vitamin  D  effect  on,  150 
^  units  of  measurement  of,  119 
Calcium  chloride,  as  diuretic,  224 
Calcium  gluconate,  concentrated  am¬ 
pules,  542 
Cambrian  period 
adaptation  to  fresh  water,  42-43 
calcification  of  fossils,  40 
vertebrate  differentiation  and  salt  con¬ 
centration  of  sea,  41 
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Camel,  water  balance,  53 
Capillary  transudation,  in  congestive 
heart  failure,  345 
Carbohydrate:  see  Glucose 
calculation  of  requirements,  513 
in  water  balance  calculation,  84-85 
role  in  familial  periodic  paralysis,  39(5 
Carbon  dioxide:  see  also  Bicarbonate, 
Plasma  CO2  ,  Anion-cation  bal¬ 
ance,  Buffer,  Carbonic  acid 
environmental  fitness  for  life,  37 
excretion  through  lungs,  19 
extracellular  content,  494 
intracellular  content,  494 
net  daily  turnover,  494,  513 
role  in  renal  regulation  anion-cation 
balance,  22 

total  body  content,  494 
Carbon  dioxide  in  serum 
as  measure  of  anion-cation  balance, 
246 

effect  of  alkali  therapy,  507 
in  metabolic  acidosis,  480 
in  metabolic  alkalosis,  480 
in  potassium  deficit,  479,  481-482 
in  respiratory  acidosis,  480 
in  respiratory  alkalosis,  480 
influence  of  pH  and  plasma  C02 , 246 
related  to  bicarbonate  concentration, 
246 

related  to  carbonic  acid  concentration, 
246 

related  to  protein  buffers,  246 
units  of  measurement,  119 
Carbon  dioxide  pressure:  see  PCo2 
Carbon  monoxide  in  plasma  volume  de¬ 
termination,  116 

Carbon  tetrachloride,  effect  on  kidney, 
292 

Carbonic  acid-bicarbonate  buffer  sys¬ 
tem, 

carbon  dioxide  turnover,  244 
Ilenderson-Hasselbalch  equations,  243 
in  extracellular  fluid,  243 
in  red  cells,  243 
Pco*  >  244 

ratio  bicarbonate-carbonic  acid  in,  244 
renal  regulation  of,  244 
respiratory  regulation  of,  244 
role  of  CO2  on,  243 
Carbonic  acid:  see  also  Pco2 
Carbonic  acid  concentration,  role  in 
anion -cation  balance,  250 
Carbonic  anhyd rase,  role  in  renal  regula¬ 
tion  anion-cation  balance,  22,253 
Carbonic  anhydrase  inhibitors 
acidosis  in  use  of,  226 
Diamox®,  226 
Dirnate®,  226 

effect  on  serum  electrolytes,  226 
effect  on  urinary  electrolytes,  226 
pharmacology  of,  226 


sulfanilamide,  226 
use  in  congestive  heart  failure,  351 
Carcass  analysis,  body  fluid  distribution, 
94 

Cardiac  arrest,  in  potassium  excess,  481- 
483 

Cardiac  output 

eflect  of  glucose  or  saline  in  sodium  de¬ 
pletion  shock,  535 
in  dehydration,  175 
in  salt  depletion,  177 
role  in  congestive  heart  failure,  343 
role  in  volume  regulation,  23 
Cardiac  surgery,  467 
Cardiovascular  system,  in  internal 
transfers  of  fluid,  16-18 
Casein  hydrolysate 
parenteral  use  of,  534,  539-540 
^  protein  requirement  and,  513 
Castaways 

evaporative  water  loss  in,  59-62 
fish  ingestion  by,  60-62 
optimal  diet,  59-62 
sea  water  ingestion  by,  59-62 
Catabolic  index,  in  acute  renal  failure, 
561 

Catabolic  rate 

effect  in  acute  renal  failure,  561 
water  excretion  determined  by,  495 
Cations:  see  Anion-cation  balance 
change  in  ionization  of,  91-93 
definition  of,  241 
effects  of  dehydration,  161 
in  body  fluids,  117 
in  extracellular  fluid,  6-7 
in  intracellular  fluid,  6-7 
renal  regulation  of  anion-cation  bal¬ 
ance,  22 

Cation  exchange  resins 
acidifying,  220 
acidosis  with  use  of,  219 
calcium  form  of,  220 
carboxylic  and  sulfonic  types,  217 
chemical  structure  of,  216 
combined  anion-cation  forms,  223 
effect  of  pH  on,  217 
effect  on  stool  electrolytes,  219 
effect  on  urinary  ammonia,  220 
effect  on  urine  electrolytes,  219 
experimental  use  of,  219 
factors  influencing  affinity  for  ions, 
217 

forms  of,  217 

gastrointestinal  distress  with,  223 
in  adrenocortical  disorders,  146 
in  adrenocortical  insufficiency,  222 
intermittent  use  of,  223 
mode  of  action  of,  216 
nonacidifying  types,  220 
potassium  depletion  with,  223 
potassium  form  of,  220 
sodium  depletion  as  result  of,  223 
sodium  removal  by,  222 
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sulfonic  form  of,  223 
technic  of  enema  administration,  ZZ\) 
use  in  cirrhosis,  223,  366 
use  in  congestive  heart  failure,  22o,  ool 
use  in  hypertension,  223 
use  in  nephrosis,  223 
use  in  potassium  intoxication,  229,  305 
use  in  renal  failure,  223,  305,  313 
use  in  toxemia  of  pregnancy,  223 
Cell  base:  see  Cations 
Cell  mass 
calculation  of,  95 
volume  in  average  adult,  97 
Cell  solids,  average  adult  value,  97 
Cellophane,  as  a  dialyzing  membrane, 
550 

Cellular  hypo-osmolarity 
in  cirrhosis,  364 
in  congestive  heart  failure,  348 
Central  nervous  system,  intracellular 
dehydration  of,  59 

Cerebral  blood  flow,  measurement  of,  94 
role  in  volume  regulation,  23 
Cerebrospinal  fluid 
a  transcellular  fluid,  80 
deuterium  oxide  in  measurment  of,  94 
Cesium,  geochemical  and  biological  dis¬ 
tributions  compared,  40-41 
Chloride 

atomic  weight,  591 
deficit:  see  also  Sodium  deficit 
experimental,  199 
in  relation  to  sodium  deficit,  509 
range  in  adrenocortical  insufficiency, 
498,  506 

range  in  clinical  conditions,  498,  506 
range  in  diabetic  acidosis,  498,  506 
range  in  gastrointestinal  fluid  loss, 
498,  506 

range  in  renal  tubular  acidosis,  498, 
506 

range  in  starvation,  498,  506 
range  in  uremic  acidosis,  498,  506 
in  uremic  vomiting,  515-517 
distribution,  tissues  with  lymph  con¬ 
centration,  7 

effect  of  adrenocortical  steroids  on, 
150,  168 

effect  of  insulin  on,  407 
effect  of  renal  tubular  exchanges  on, 
150 

excess:  see  also  Sodium  excess 
excesses,  200 
in  normals,  201 

range  in  congestive  heart  failure. 
498,  506 

extracellular  anion,  6-7,  494 
gastrointestinal  tract  exchanges,  18 
gill  excretion,  45 

in  chemical  evolution  of  the  ocean,  39- 

in  cirrhosis,  362 
in  connective  tissue,  79-80 
in  dialyzing  solution,  557 


in  infants,  444 
intracellular  content,  494 
maintenance  of  balance  of,  509 
measurement  of  extracellular  phase  by 
tissue  analyses,  69-72 
measurement  of  fecal,  574 
mercurial  diuretics,  effect  on,  150 
net  daily  turnover,  494,  509 
normal  values  in  serum,  117,  122 
range  of  requirement  in  clinical  condi¬ 
tions,  509 

red  cell  shift  in  bicarbonate  transfers, 
87 

relation  to  sodium,  149 
renal  conservation  of,  168 
skeletal  muscle  content,  70-72 
space,  77-80 

in  calculation  of  extracellular  fluid 
balance,  83-85,  88,  575,  577 
in  connective  tissue,  79-80 
in  tissue  analyses,  72 
total  body  content,  494 
volumes  of  distribution,  79 
Cholesterol,  in  liver  disease,  361 
Chondrichthyes:  see  Elasmobranchs 
Chronic  renal  failure,  see  also  Renal  fail¬ 
ure 

causes  of,  310 

compensatory  mechanisms  in,  311 
potassium  losses  in,  168 
therapy  of,  312 
vivodialysis  in,  272,  562 
water  losses  through  kidney  in,  168 
Circulation,  as  a  “mixing  apparatus”, 
16-18,  543 

Circulatory  collapse 
in  diabetic  acidosis,  376 
therapy  in  diabetic  acidosis,  378 
Cirrhosis,  sodium  excess  in,  476,  478 
Clay,  minerals,  potassium  distribution 
in,  40 

Clearance  technics,  in  regional  blood 
flow,  94 
Climate 

adaptation  to  heat,  56 
effects  on  body  fluids,  54-63 
^  effects  on  social  characteristics,  55-56 
Coefficients  of  diffusion,  9 
C02  combining  power,  see  also  Carbon 
dioxide  in  serum 
definition  of,  251 
Cold 

ecology,  55 

effects  on  body  fluids,  55-56 
effect  on  magnesium,  56 
effect  on  water  balance,  55-56 
physical  and  cultural  adaptations,  55 
Collagen:  see  Connective  tissue 
Colloids,  use  in  replacement  therapy,  190 
Compound  E:  see  Adrenocortical  steroid 
Compound  F:  see  Adrenocortical  steroids 
Concentration  gradient,  diffusion  in 
dialysis,  550 

Concentration  gradients,  4 
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Congestive  heart  failure, 
backward  and  forward  failure  theories 
in,  341,  342 

causes  of  sodium  excess,  476,  478 
correlated  chemical  dissection  of  body 
composition,  99-100 
deuterium  oxide  space  in,  99 
isotope  dilution  studies,  99 
muscle  analysis  in,  72 
radiosodium  space  in,  99 
range  of  chloride  excess,  498,  506 
range  of  nitrogen  deficit,  504,  510 
range  of  potassium  deficit,  504,  510 
range  of  sodium  excess,  499,  508 
range  of  water  excess,  498,  506 
regulatory  mechanisms  in,  341 
role  in  edema  of  renal  failure,  202 
role  of  renal  function,  343 
skeletal  muscle  analysis  in,  100 
sodium  retention  in,  202 
sodium  therapy  in,  503,  514 
studied  by  balance  technic,  99 
therapy  in  acute  renal  failure,  304 
treatment  of,  348 
use  of  artificial  kidney,  562 
Connective  tissue,  extracellular  fluid 
subphase,  7,  79-80 
Conversion  factors,  ionic  units,  591 
Convulsions,  in  metabolic  acidosis,  480 
in  overhydration,  476,  478 
Conway,  E.  J. 

theories  of  chemical  evolution  of 
ocean,  37-42 

theory  of  differential  distribution  of 
cellular  ions,  15-16 
Cooney  button,  366 
Cortical  necrosis  of  kidney,  308 
Cortisone :  seealso  Adrenocortical  steroids 
Creatinine 

creatinuria  in  familial  periodic  paraly¬ 
sis,  397 

excretion  as  index  of  lean  body  mass, 
98 

Cross  transfusions,  use  of,  562-563 
Cushing’s  syndrome:  see  Hyperadreno- 
corticism 

Cyanide,  effect  in  in  vitro  potassium 
transfers,  74 
Cybernetics,  24 

Darrow’s  solution,  use  of,  512,  533,  538^ 
Deep  reflexes,  in  potassium  deficits,  479, 
481 

Deep  sea  diving,  effect  on  body  fluids,  63 
Dehydration:  see  also  Water  deficit 
body  weight  in,  187 
caused  by  sweating,  57 
circulatory  changes  in,  175 
circulatory  failure  in,  178 
CNS  changes,  175 

distribution  phases  in  desert  burro,  54 

effect  of  heat,  57 

effect  of  protein  diet,  61-62,  163 


effect  on  urine  output,  142 

effects  on  body  fluid  compartments,  174 

fat  ingestion  in,  163 

in  camel,  53 

in  carbohydrate  intake,  163 
in  desert  mammals,  52-54 
in  diabetic  acidosis,  375 
in  infancy,  445 
in  starvation,  163 
insensible  losses  in,  158,  187 
methods  of  assessment  in,  187 
parenteral  fluids  in,  188 
range  of  tolerance,  57 
role  of  antidiuretic  hormone,  158 
role  of  osmotic  pressure  in,  159 
sequestering  reactions  in,  161 
source  of  deficits  in,  158 
sources  of  loss  in,  187 
symptoms  in,  57 

therapy  of  potassium  excesses  in,  227 
treatment  of,  187 
urine  loss  in,  158 
urine  volume  in,  188 
value  of  history  and  physical  in,  187 
water  transfers  in,  159 
with  salt  depletion,  178 
Dehydration  reaction,  160 
Desiccation,  body  composition  by,  69 
Desoxy corticosterone:  see  also  Adreno¬ 
cortical  steroids 
effect  on  diurnal  variation,  27 
effect  on  renal  tubular  transfers,  21-22 
effect  on  sodium  excretion,  144 
muscle  analysis  in  potassium  defi¬ 
ciency,  100 
toxic  effects  of,  424 

de  Toni-Fanconi  syndrome,  losses  of 
phosphate  in,  169 
Deuterium 

measurement  by  mass  spectrometer,  SO 
measurement  by  specific  gravity,  80 
Deuterium  oxide  space,  77-78,  80-81 
exchanges  in  cerebrospinal  fluid,  94 
in  average  adult,  96 
in  congestive  heart  failure,  99 
in  estimation  of  body  fat,  95 
in  infants,  77 

Devonian  period,  evolution  of  Amphibi¬ 
ans  in,  45-46 

Dcxtran:  see  Plasma  volume  expanders 
Dextrimaltose,  composition  and  use, 
524-526 

Dextrose:  see  Glucose 
Diabetes  insipidus:  see  also  anti-diuretic 
hormone 

amelioration  by  low  solute  load,  438 
effect  of  anterior  pituitary  on,  405 
effect  of  antidiuretic  hormone  in,  436 
congenital  type  of,  437 
etiology  of,  436 
Hickey-Hare  test  in,  437 
hyposthenuria  in,  437_ 
hysterical  form  of,  437 
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in  renal  disease,  437 
renal  regulation  in,  21 


renal  type,  324 

renal  type  and  its  relation  to  pituitary 
diabetes  insipidus,  324 
role  of  osmoreceptors,  436 
role  of  posterior  pituitary  in,  436 
water  deficits  in,  168,  476 
Diabetes  mellitus,  etiological  factors  in, 


373 

Diabetic  acidosis,  see  also  Acidosis 
etiological  factors,  373 
fluid  therapy  of,  379 
hyperlipemia  in,  362 
ketonuria,  377 

metabolic  acidosis  in,  270,  480 
phosphate  deficit  in,  483-484 
potassium  deficit  in,  479,  481 
sodium  deficit  in,  476,  478 
range  of  chloride  deficit,  498,  506 
range  of  magnesium  deficit,  512 
range  of  potassium  deficit,  504,  510 
range  of  sodium  deficit,  499,  508 
range  of  water  deficit,  498,  506 
therapy  of,  272,  377 
therapy  of  extracellular  fluid  deficit 
with  sodium  chloride,  535 
therapy  of  potassium  deficit  with  But¬ 
ler’s  solution,  538-539 
therapy  with  sodium  alkali  solutions, 
536 


transfers  of  potassium,  227 
use  of  colloids  in,  378 
use  of  fructose  in,  539 
use  of  insulin  in,  377 
use  of  sodium  bicarbonate,  275 
Diabetic  coma:  see  Diabetic  acidosis 
Diabetic  ketosis:  see  Diabetic  acidosis 
Diagnosis 

of  calcium  disturbances,  483-485 
of  magnesium  disturbances,  485-487 
of  phosphorus  disturbances,  483-484 
of  potassium  distrubances,  479,  481- 
483 


of  sodium  disturbances,  476,  478 
of  water  disturbances,  476,  477 
Dialysis:  see  also  Artificial  kidney,  Vivo- 
dialysis 
defined,  549 
principle  of,  550 

Dialysance,  urea  clearance  by  artificial 
kidney,  553 

Dialyzed  milk  in  oral  fluid  therapy,  524- 
526 

Dialyzing  solutions,  557 
Diamox:  see  also  Carbonic  anhydrase  in¬ 
hibitors 

effect  in  renal  tubular  disease,  324 
Diarrhea 

bicarbonate  loss  in, 166 

dehydration  in,  166 

electrolytes  in  diarrheal  stools,  166 


etiology  of,  167 
hyperchloremia  in,  167 
hyperkalemia  in,  167 
hypernatremia  in,  167 
in  adults,  167 
metabolic  acidosis  in,  480 
with  gastrointestinal  dialysis,  549 
starvation  in,  166 

therapy  of  potassium  disturbances,  227 
therapy  with  Darrow’s  solution,  538 

Diet  _  .  .  . 

importance  in  diabetic  acidosis,  38< 
in  acute  renal  failure,  305 
low  sodium,  586-590 
neutral  ash,  591 
Diffusion 

concentration  gradient  in,  8-9 
definition  of  role  in  body  fluids,  4 
in  cellophane  dialysis,  550 
Digitalis 

changes  in  sensitivity  during  vivo- 
dialysis,  555 

in  fluid  therapy,  543-544 
role  in  treatment  of  congestive  heart 
failure,  348 

sensitivity  as  sign  of  potassium  deficit, 
184,  479,  481 

use  in  acute  renal  failure,  306 
use  in  potassium  intoxication,  232 
Dihydrotachysterol :  see  A.T.  10 
Dilution  technic:  see  Volume  of  distribu¬ 
tion 

Disseminated  lupus,  acute  renal  failure 
in,  308 

Dissociation  of  solutes  defined,  3 
Distribution,  of  body  fluid  components 
defined,  3 

Diuresis,  role  in  familial  periodic  paraly¬ 
sis,  396 

Diuretics:  see  also  Carbonic  anhydrase 
inhibitors,  Acidifying  salts,  Mer¬ 
curials,  Xanthines 
acidifying  salts,  224 
carbonic  anhydrase  inhibitors,  225 
colloids,  224 
in  cirrhosis,  366 
in  congestive  heart  failure,  351 
mercurials,  225 
potassium  salts,  224 
sugar,  224 
urea, 224 
water  loads,  223 
xanthines,  225 
Diurnal  variations 
desoxycorticosterone,  effect  in,  27 
in  cirrhosis,  365 
oscillation  of  steady  state,  27 
Dog,  skeletal  muscle  analysis,  70 
Donnan  effect:  see  Gibbs-Donnan  effect 
Dynamic  steady  state 
defined, 4 
of  body  fluid,  4 
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Earth,  age  of,  38 
Edema 

characteristics  in  myxedema,  406 
clinical  findings,  202 
in  overhydration,  476,  478 
in  sodium  excess,  476,  478 
mechanism  of  development  in  con¬ 
gestive  heart  failure,  345 
premenstrual,  201 

relative  electrolyte  and  water  bal¬ 
ances,  203 
therapy, 

effect  of  position  on,  543 
external  hydrostatic  pressure  in,  544 
removal  of  venous  obstruction,  543 
sodium  in,  514 

ultrafiltration  by  artificial  kidney, 
558-561,562 

Eels,  osmoregulation,  45 
Elasmobranchs, 
evolution  of  fresh  water,  43 
evolution  of  marine,  43 
osmoregulatory  mechanisms  in  fresh 
water,  48-50 

osmoregulatory  mechanisms  in  marine, 
48-50 

total  osmolar  concentration,  body 
fluids  in  fresh  water,  44 
total  osmolar  concentration,  body 
fluids  in  marine,  44 
Electrocardiogram 
in  familial  periodic  paralysis,  397 
in  potassium  deficit,  184,  479,  481 
in  potassium  excess,  204,  481-483 
use  of  in  treatment  diabetic  acidosis, 
384 

Electrocortin :  see  Aldosterone 
Electrolytes 

as  components  of  body  fluids,  3 
body  weight  in  electrolyte  depletion, 
187 

definition,  241 

differential  distribution  in  intracellu¬ 
lar  and  extracellular  fluid,  12-16 
differential  distribution  in  metabolic 
processes,  73 

methods  of  assessment  of  depletion, 
187 

principle  in  replacement,  186 
related  to  volume  disturbances,  207 
relative  changes  in  different  fluid 
phases,  208 
routes  of  loss,  187 
tissue  analyses  of,  69-72 
value  of  history  and  physical  in  assess¬ 
ing  depletion,  187 
Electrolytes,  serum 
as  index  of  total  body  stores,  186 
analysis  of,  118 

changes  during  therapy  of  diabetic 
acidosis,  385 
constancy  of,  124 


control  data  on,  119 

factors  influencing  normal  values  of 
124  ’ 

influence  of  age  and  sex  on,  119 
interpretation  of  changes  in,  134 
relation  to  total  solute,  134  ’ 
relation  to  total  volume,  134 
relation  to  whole  blood,  118 
standard  procedure  for  obtaining,  119 
Electrons  in  cellular  transfers  of  ion’s,  16 
Emergency  salt  solution,  composition 
and  preparation  of,  524-525 
Emphysema,  in  respiratory  acidosis,  480 
Encephalitis,  respiratory  alkalosis 
caused  by,  480 
Energy 

exchanges  and  self-regulating  mecha¬ 
nisms,  26-27 
exogenous,  4 
expenditure,  4 
free,  4 

gradient  and  metabolic  reactions,  4 
gradients  and  specific  activity  of  sol¬ 
vents,  8 
in  body  fluid,  4 
kinetic,  9 
source  of,  27 

Entropy  and  steady  state,  27 
Environment 

effects  of  extremes  on  body  fluids, 
54-63 

fitness  of,  37 

in  exchanges  with  body  fluids,  5,  18-27 
in  exchanges  with  organism,  3 
Enzymatic  substrates  and  fluid  distribu¬ 
tion  in  tissues,  72-73 
Epinephrine,  in  stimulation  of  adreno- 
corticotropin,  21 
Erythremia,  467 

Erythroblastosis  fetalis,  exchange  trans¬ 
fusion  in,  562 
Erythrocytes 
bicarbonate,  87 
effect  of  high  altitude,  62 
fluid  content,  7-8 
parenteral  use  of  packed,  534,  540 
potassium  transfers  in  vitro,  73 
total  circulating  mass,  76-78 
total  circulating  mass  and  plasma  vol¬ 
ume  calculation,  85-86 
Eskimos,  adaptation  to  cold,  55 
Estrogens,  in  cirrhosis,  362 
Evans’  blue  dye  T-1824 
relation  to  plasma  proteins,  76 
in  plasma  volume  measurement,  76-79 
Exchange  transfusions,  use  of,  562 
Exercise 

effect,  on  cell  osmolality,  93 
effect  on  muscle  analysis,  72 
Exsanguino-transfusions:  see  Exchange 
transfusion 
Extracellular  fluid 
average  adult,  96-97 
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balance  calculation  of  change  in  vol¬ 
ume,  85,  90 

bicarbonate  transfers  by  balance  tech¬ 
nic,  87-88  _ 

calculation  from  balance  data,  575,  577 
calculation  of  sodium  deficit,  502-507 
carbon  dioxide  content,  494 
chloride  content,  494 
chloride  space  in  balance  calculations, 
83-85,  88 

connective  tissue  subphase,  79-80 
effect  of  increase  on  urine  volume,  142 
effect  of  sodium  alkali  therapy  on,  507 
effect  of  sodium  depletion,  58 
effect  of  water  deprivation,  58 
emergency  oral  salt  solution  for,  524- 
525 

expansion  in  starvation,  158 
hydrogen  ion  concentration,  240 
hydrogen  transfers  by  balance  tech¬ 
nic,  87-88 

in  correlated  chemical  dissections,  95 
in  dehydration,  159 
in  skeletal  muscle,  69-72 
in  tissue  analysis,  69-72 
ionic  composition  of,  6-7 
magnesium  content,  494 
measurement  by  bromide,  77-78 
measurement  by  inulin,  77-80 
measurement  by  mannitol,  77-80 
measurement  by  radiochloride,  77-78 
measurement  by  radiosodium,  77-78 
measurement  by  radiosulfate,  77-80 
measurement  by  sucrose,  77-80 
measurement  by  sulfate,  77-80 
measurement  by  thiocyanate,  77-78 
measurement  by  thiosulfate,  77-80 
measurement  by  volume  of  distribu¬ 
tion  technic,  76-78 
pH,  240 

potassium  content,  494 
potassium  transfers  by  balance  tech¬ 
nic,  86 

range  of  deficit  in  adrenocortical  in¬ 
sufficiency,  498,  506 
range  of  deficit  in  clinical  conditions, 
498,  506 

range  of  deficit  in  diabetic  acidosis. 
498,  506 

range  of  deficit  in  gastrointestinal 
fluid  loss,  498,  506 

range  of  deficit  in  renal  tubular  aci¬ 
dosis,  498,  506 

range  of  deficit  in  starvation,  498,  506 
range  of  deficit  in  uremic  acidosis.  498 
506 

range  of  deficit,  postoperative,  498,  506 
range  of  excess  in  congestive  heart 
failure,  345,  498,  506 
relation  to  composition  of  sea  water, 
36—42 

role  in  volume  regulation,  23 
sodium  content,  494 


sodium  transfers  by  balance  technic, 
86 

therapy  of  sodium  chloride  deficit  ,  535 
water  content,  494 
Extracellular  phase 
definition,  5,  6 
magnitude,  6 
subdivisions,  7 

Extracellular  space,  definition,  6 
Extracorporeal  hemodialysis:  see  also 
Artificial  kidney,  Vivodialysis 

Familial  periodic  paralysis 
clinical  features,  394 
hypokalemia  in,  394 
potassium  transfers  in,  182 
precipitating  factors,  394 
treatment,  398 
Fanconi  syndrome 
amino  aciduria,  323 
clinical  features,  323 
genetic  features,  323 
treatment  of,  323 
Fat:  see  also  Body  fat 
catabolism  in  acute  renal  failure,  301 
decreases  after  surgery,  457 
insensible  weight  loss  in  calculation  of 
fat  metabolism,  85 
in  water  balance  calculations,  84-85 
metabolism  in  diabetic  acidosis,  374 
parenteral  use  of,  534,  539 
tissue  analyses,  69 
Feces 

composition  on  milk  formulae,  579 
electrolyte  content  with  use  of  cation 
exchange  resins,  219,  220 
measurement  of  ionic  composition,  574 
normal  electrolyte  content,  220 
potassium  content,  511 
route  of  water  loss,  140 
sodium  content  of,  143 
Feed-back 
defined,  24 

in  servo-mechanism,  24-26 
Feminization,  in  cirrhosis,  362 
Fever 

dehydration  as  sign  of,  476,  477 
effect  on  water  loss  in  sweat,  493 
Fick  principle  in  regional  blood  flow,  94 
Fixed  base,  117 

^  see  also  Anion-cation  balance 
Fluid  therapy 
assessment  day  by  day,  477 
assessment  de  novo,  477 
basic  approach,  475 
biochemical  aid  in,  475 
by  means  of  hypodermoclysis,  449,  541 
contraindications  to  gastrointestinal 
route,  523 

dilemmas,  common,  514-517 
eflects  of  anesthesia,  surgery  and 
drugs,  451 

“floor”  and  “ceiling”  values,  448 
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Fluid  therapy — cont. 
general  principles  in  surgical  patients, 

hazards  of  dilute  solutions,  450 
homeostatic  limitations,  493 
in  infants,  447 
intra-arterial  route,  543 
patient  as  a  whole,  522 
peritoneal  route,  543 
problem  of  redistribution  of  fluid. 
543-544 

repair  solutions:  see  Solutions,  repair, 
requirement  parameters,  495,  496 
sodium  requirement,  calculation  of. 
501-507 

trial  and  error  character,  475,  477 
types  of  procedures,  523 
use  of  hyaluronidase,  449 
use  of  hypotonic  solutions,  447 
^  use  of  surface  area  in  infants,  450 
Fluid  transfers 
defined,  3 

between  extracellular  and  intracellu¬ 
lar  fluids,  12 
internal,  8-18 

between  plasma  and  interstitial  fluid, 
11-13 

Fluoride,  effect  on  potassium  transfers, 
74 

Flux,  defined,  11 

Frogs,  osmoregulation,  45-46 

Fructose 

use  in  diabetic  acidosis,  382 
use  in  parenteral  fluid  therapy,  188, 
534,  539 
Fugacity,  18 

Gamble  diagrams  in  normals,  127 
Gastrointestinal  lavage 
as  cause  of  salt  depletion,  177 
as  form  of  dialysis,  549 
Gastrointestinal  tract 
as  route  of  fluid  therapy,  523-527 
composition  of  secretions,  461 
differential  ionic  transfers,  19 
effect  of  adrenocortical  steroids,  19 
electrolyte  content  of  gastric  secretion, 
163 

fluid  exchanges  in,  18-19 
fluid  losses  in  surgical  patients,  460 
in  external  transfers  of  body  fluids,  5, 
461 

in  sodium  depletion,  461 
lavage  with  saline  and  non-saline  solu¬ 
tions,  461 

metabolic  alkalosis  due  to  fluid  loss  in 
renal  failure,  515-517 
metabolic  alkalosis  due  to  gastric 
fluid  loss,  480 

potassium  deficit  in  fluid  loss  in  renal 
failure,  515 

prevention  of  vomiting,  461 


range  of  chloride  deficit  in  fluid  loss 
498,  506  ’ 

range  of  nitrogen  deficit  in  fluid  loss 
504,  510 

range  of  potassium  deficit  in  fluid  loss 
504,  510 

range  of  sodium  deficit  in  fluid  loss 
476,  478,  499,  508 

range  of  water  deficit  in  fluid  loss,  495 
498,  506 

secretions  as  transcellular  fluid,  80 
therapy  of  sodium  chloride  extracellu¬ 
lar  deficit,  535 
volumes  of  fluid  losses,  458 
Gastrostomy,  solutions  for  feedings,  524- 
527 

Gelatin,  parenteral  use  of,  534,  540 
Geochemistry,  and  body  fluids,  35-42 
Glomerular  filtration  rate 
in  cirrhosis,  364 
in  congestive  heart  failure,  344 
in  renal  rickets,  318 
Gibbs-Donnan  factor,  6-7 
bicarbonate,  87 

in  calculation  of  sodium  transfer,  86 
in  tissue  analysis,  70-71 
of  serum  proteins,  128 
Gills  in  osmoregulation,  48-50 
Glauconite,  in  potassium  removal  from 
ocean,  by,  40 

Globulin:  see  also  Serum  proteins 
therapy  with  fresh  plasma,  540 
Glomerulonephritis 
acute  renal  failure  in,  307 
as  cause  of  sodium  excess,  476,  478 
clinical  picture,  308 
electrolyte  changes,  308 
natural  history,  308 
use  of  vivodialysis  in  acute  and  chronic 
types,  561 
Glucagon 

electrolyte  effects,  407 
response  to  growth  hormone,  404 
Glucose:  see  also  Carbohydrate  metabo¬ 
lism 

concentrated  ampules  of,  542 
effect  on  potassium  transfers,  181 
inadequacy  in  sodium  depletion  shock, 
535 

in  vitro  effect  in  potassium  transfers,  73 
parameters  of  requirements,  495,  496 
use  by  subcutaneous  injection,  541 
use  in  diabetic  acidosis,  381 
use  in  dialyzing  solution,  557 

Glycogen, 415 . 

liver  stores  in  diabetic  acidosis,  377 
Glycosuria 

during  invert  sugar  administration, 
188 

in  de  Toni-Fanconi  syndrome,  323 
role  in  electrolyte  losses  in  diabetic 
acidosis,  376 
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Gonadotropic,  hormones 
in  cirrhosis,  362 
source,  404 
Growth  hormone 
diabetogenic  action,  403 
electrolyte  effects,  403 
release  of  glucagon  with,  404 
role  in  growth,  403 

role  in  production  of  diabetes  mellitus, 
404 

source,  403 

Hartman’s  saline-lactate  solution,  530’ 
537 

Heart 

importance  of  myocardial  function 
in  therapy  of  congestive  heart 
failure,  356 

potassium-magnesium  antagonism,  512 
Heat 

acclimatization  and  sweating,  54 
blood  volume  in,  56 
conservation  in  cold  environments,  55 
ecology,  56 

effect  on  body  fluids,  56-57 
effect  on  dehydration,  57 
effect  on  water  balance,  56-57 
evaporative  loss  and  hot  climate 
adaptation,  56 

exhaustion  and  sodium  deficit,  57 
hypothalamic  regulation,  56 
loss  by  evaporation,  56 
loss  in  camels,  53 
loss  in  desert  animals,  52-54 
loss  in  marine  birds,  52 
loss  in  marine  mammals,  51 
loss  through  insensible  water  loss,  139 
phvsical  and  cultural  adaptations  to, 
”  56 

transfers  in  environmental  extremes, 
54 

transfers  and  water  balance,  54 
Heavy  water:  see  Deuterium  oxide 
Hematocrit 

in  plasma  volume  determination, 
78-79,  85-86,  116 

use  in  calculating  anion-cation  bal¬ 
ance,  248 

Hemoconcentration 
in  dehydration,  476,  477 
in  sodium  deficit,  478 
Hemoglobin,  in  calculation  of  plasma 
and  blood  volume  changes,  84-85, 
87 

Hemorrhage 

as  contraindication  to  use  of  artificial 
kidney,  562 

emergency  oral  salt  solution  for  ther¬ 
apy  of  shock,  524-525 
gastrointestinal,  as  contraindication 
to  use  of  artificial  kidney,  562 


intra-arterial  transfusion  in  therapy  of 
shock,  543 

muscle  analysis  in,  72 
parenteral  fluids  for  therapy  of  shock, 
540 

use  of  blood  and  plasma  expanders  in, 

514  „  r 

Henderson,  L.  J.,  concept  of  fitness  of 
environment,  37 

Heparin,  use  in  artificial  kidney,  556 
Hepatic  coma 
clinical  features  of,  367 
use  of  cation  exchange  resins  in,  223 
High  altitude 
effect  on  body  fluids,  62-63 
effect  on  red -cell  mass,  63 
respiratory  alkalosis  in,  62 
Homeostasis,  23-27 
defined,  24 
in  therapy,  493 

limitations  in  fluid  therapy,  522-523 
Ilomoiosmoticity,  defined,  36,  42 
Ilomoiothermism 
in  desert  animals,  52 
and  water  conservation,  46-47 
Hyaluronidase,  460 
use  in  subcutaneous  injection,  541 
Hydrochloric  acid 
gastric  secretion  of,  18 
parenteral  use  of,  536,  515-516 
use  in  vomiting  of  uremia,  515-517 
Hydrogen  ion:  see  also  pH 
atomic  weight,  591 
buffer  system,  240 
calculation  of  balance,  88 
concentration  in  extracellular  fluid,  240 
definition,  241 

in  chemical  evolution  of  ocean,  40 
renal  excretion  mechanisms,  253 
role  of  phosphates  in,  253 
transfers, 

blood  buffers,  anions  in  calculation 
of,  87-88 

calculation  by  balance  technic,  87-88 
reciprocal  relation  to  tubular  po¬ 
tassium,  22 

renal  excretion  in  calculation  of,  88 
renal,  in  anion-cation  balance, 22, 253 
titratable  acid  in  calculation  of,  88 
urinary  ammonium  in  calculation  of, 
88 

tubular  exchanges  of,  253 
Ilydronium  ion,  definition,  241 
Hydrostatic  pressure,  capillary,  11-13 
definition  of  role  in  body  fluids,  4 
gradients,  4,  11 
in  edema  therapy,  544 
in  fluid  transfer,  11 
role  in  ascites,  363 
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I lyperadrenocorticism :  see  Adrenocorti¬ 
cal  steroids 

as  cause  of  metabolic  alkalosis,  in 
Cushing’s  syndrome,  480 
body  fat  in,  424 
diabetes  mellitus,  in,  424 
differential  diagnosis  of,  424 
in  adrenal  cancer,  423 
in  adrenal  hyperplasia,  423 
in  Cushing’s  syndrome,  423 
increased  androgenic  activity  in,  424 
insulin  resistance  in,  423 
17  ketosteroids  in,  424 
Hypercalcemia  :  see  also  Calcium  excesses 
due  to  \  itamin  D  intoxication,  319 
sign  of  calcium  excess,  484,  485 
Hypercalciuria 
idiopathic,  324 

sign  of  calcium  deficit,  483-485 
Hyperchloremia:  see  also  Chloride  ex¬ 
cesses 

occurring  in  therapy  of  diabetic  acido¬ 
sis,  380 

with  use  of  cation  exchange  resins,  219 
Hyperchloremic  acidosis 

due  to  ammonium  chloride  adminis¬ 
tration,  270 

from  acidifying  salts,  224 
therapy  of,  272 

Hyperglycemia,  in  diabetic  acidosis,  373 
Hyperkalemia:  see  also  Potassium  ex¬ 
cesses 

in  acute  renal  failure,  299 
determination,  305 
treatment,  305 

use  of  cation  exchange  resins,  305 
in  chronic  renal  failure,  311 
in  potassium  excess,  481-483 
relation  to  body  stores  of  potassium, 
204 

therapy  with  cation-exchange  resin 
enema,  516-517 

therapy  with  vivodialysis,  556,  558- 
559,  561 

Hyperlipemia,  effect  on  serum  electro¬ 
lytes,  362 

Hypermagnesemia:  see  also  Magnesium 
excesses 

in  magnesium  excess.  486,  487 
Hypernatremia:  see  also  Sodium  excesses 
in  dehydration,  476,  477 
Hyperparathyroidisim:  see  Parathyroid 
Hyperphosphatemia:  see  also  Phos¬ 
phorus-phosphate  excesses 
in  phosphate  excess,  483-484 
Ilyperphosphaturia  due  to  tubular  dis¬ 
ease,  324 

llyperpnea  in  metabolic  acidosis,  480 
Hypertension 

in  sodium  therapy,  514 
muscle  analysis  in,  72 
sodium  therapy  limited  by,  503 
Hyperthyroidism :  see  Thyroid 


Hypertonicity:  see  also  Dehydration 
Sodium  excesses 
body  water  stores,  203 
CNS  changes,  203 
due  to  electrolyte  excesses,  201 
eilect  on  thirst,  of,  26 
in  body  fluids,  133 
positive  salt  balance  in,  203 
relation  to  antidiuretic  hormone  of,  26 
Hypertonicsaline 

use  in  congestive  heart  failure,  356 
use  in  sodium  depletion,  191 
Hyperventilation:  see  also  Alkalosis, 
respiratory 

in  metabolic  acidosis,  268,  480 
in  respiratory  acidosis,  288 
in  respiratory  alkalosis,  480 
Hypocalcemia:  see  also  Calcium  deficits 
in  calcium  deficit,  483-485 
in  chronic  renal  failure,  311 
in  phosphate  excess,  483-484 
in  renal  rickets,  318 

Hypochloremia,  see  also  Chloride  deficits 
in  acute  renal  failure,  299 
in  congestive  heart  failure,  345,  347 
in  diabetic  acidosis,  375,  377 
in  respiratory  acidosis,  267 
in  vomiting,  163 
in  vomiting  of  uremia,  515-517 
Hypochloremic  alkalosis,  effect  of  so¬ 
dium  restriction,  415 
Ilypoderinoclyses,  460:  see  also  Subcuta¬ 
neous  fluid 

parenteral  fluid  therapy  route,  541 
producing  salt  depletion,  177 
use  in  diabetic  acidosis,  384 
Hypoglycemia  during  treatment  of  dia¬ 
betic  acidosis,  382 

Hypokalemia:  see  also  Potassium  deficits 
as  an  index  of  total  body  potassium, 
183 

clinical  features  of,  192 
definition,  179 
dilution  effects,  192 
due  to  dilution  in  clinical  situations, 
181 

during  fluid  therapy,  192 
effect  of  dehydration,  183 
factor  in  tubular  damage,  320 
in  dehydration,  182 
in  familial  periodic  paralysis,  192,  394, 
396 

in  polyuria  of  acute  renal  failure, 
297,  307 

in  potassium  deficit,  479,  481-482 
in  renal  tubular  disease,  323 
in  therapy  of  diabetic  acidosis,  386 
in  vomiting,  163 
pH  changes  in,  182 

potassium  therapy  in  renal  insuffi¬ 
ciency,  515 

with  normal  potassium  in  extracellu¬ 
lar  water  and  cells,  180 
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Hypomagnesemia:  see  also  Magnesium 
deficits 

in  magnesium  deficit  ,  485-487 
Hyponatremia:  see  also  Sodium  deficits 
after  cardiac  surgery,  468 
hypertonic  sodium  chloride  in  therapy 
of,  535-536 

in  acute  renal  failure,  296 
in  chronic  renal  failure,  311 
in  congestive  heart  failure,  347 
in  overhvdration,  476,  478 
in  polyuria  of  acute  renal  failure,  307 
in  sodium  deficit,  476,  478 
in  vomiting,  163 

Hypophosphatemia:  see  also  Phospho¬ 
rus  phosphate  deficits 
in  familial  periodic  paralysis,  397 
in  Fanconi  syndrome,  323 
in  phosphate  deficit,  483-484 
in  renal  tubular  acidosis,  320 
Hvpopnea  in  metabolic  alkalosis,  480 
Hypopotassemia :  see  Hypokalemia 
Hypothalamus 
osmoreceptors  in,  21,  26,  140 
role  in  cirrhosis,  365 
role  in  congestive  heart  failure,  341 
Hypotension  in  sodium  deficit,  476,  478 
Hypothermia:  see  Cold 
Hypotonieity :  see  also  Sodium  deficits, 
Water  excesses 
in  body  fluids,  133 

Hypotonieity,  in  positive  water  balance, 
203 

salt  therapy  in  congestive  heart  fail¬ 
ure,  348 

symptomatology,  203 
Hypotonic  solutions,  use  in  pediatric 
practice,  381 


Igneous  rock,  ionic  composition  of,  37-42 
Illite,  potassium  removal  from  ocean,  by. 
40 

Infants, 

body  fluid  distribution,  77 
extracellular  fluid,  77 
total  body  wrater,  77 
Insects,  water  balance  in  desert,  52 
Insensible  water  loss:  see  also  Water, 
Vaporization 
antidiuretic  hormone,  158 
in  dehydration,  163 
in  hyperthyroidism,  405 
Insensible  weight  loss 
in  calculation  of  fat  metabolism,  85 
in  relation  to  caloric  expenditure,  85 
Insulin 

effect  on  electrolytes,  407 

effect  on  potassium  transfers,  181 

role  in  etiology  of  diabetes,  373 

role  in  familial  periodic  paralysis,  396 

use  in  diabetic  acidosis,  377 

use  in  potassium  intoxication,  228 


Insulinase-anti-insulinase  in  diabetes 
mellitus,  373 

Intake-output  records,  forms  for,  581-583. 
585 

Internal  environment 
definition,  5 

evolution  and  maintenance  of,  36 
sea  water  and  development  of,  41-42 
Interstitial  fluid 

as  subdivision  of  extracellular  fluid,  5, 
7 

bicarbonate  transfers  by  balance  tech¬ 
nic,  87 

electrolyte  concentrations,  127 
exchanges  with  plasma,  11-13 
extracellular  fluid  subphase,  79-80 
ionic  composition,  6-7 
methods  of  determination,  116 
replacement  solutions,  530,  537 
transfers  to  and  from  intracellular 
fluid,  13-16 
volume  regulation,  23 
Intestine,  osmoregulation  in,  48-50 
Intra-abdominal  pressure,  role  in  as¬ 
cites,  364 

Intra-arterial  infusions,  543 
Intracellular  electrolytes:  see  also 
Anions,  Cations 
calculation  of,  130 
carbon  dioxide,  494 
chloride,  494 

in  acute  renal  failure,  300 
in  respiratory  disturbances,  265 
magnesium,  494 

range  of  sodium  deficits  and  excesses, 
499,  508 

role  in  anion-cation  balance,  22 
sodium,  494 
Intracellular  fluid, 
average  adult  values,  96-97 
bicarbonate  transfers  by  balance 
technic,  87-88 

calculation  from  balance  data,  575,  577 
calculation  of  sodium  excess,  509 
correlated  chemical  dissection,  95 
dehydration  and  respiratory  paralysis, 

dehydration  and  thirst,  58-60 
dehydration  by  sea  water,  59 
effect  of  alkali  therapy  on  cell  sodium, 
507 

effect  of  water  deprivation,  58 
effect  of  hypothermia,  55-56 
factors  affecting  ion  transfers,  577 
hydrogen  transfers  by  balance  tech¬ 
nic,  87-88 

in  congestive  heart  failure,  345 
in  skeletal  muscle,  69-72 
ionic  composition,  6 
potassium  transfers  by  balance  tech¬ 
nic,  86 

i eplacement  with  parenteral  solutions 
532-533,  537-539 
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Intracellular  fluid— cont. 
role  in  volume  regulation,  23 
sodium  transfers  by  balance  technic,  86 
tissue  analysis,  69-72 
transfers  to  and  from  interstitial  fluid 
13-16 

volume  changes  by  balance  technic,  86, 
89-90 

water  content,  494 
Intracellular  phase,  definition,  5 
Intracranial  volume,  role  in  volume 
regulation,  23 

Inulin 

as  index  of  extracellular  fluid,  96,  117 
as  index  of  extracellular  phase,  69,  72 
in  calculation  of  sodium  requirement, 
502 

space  in  balance  calculations,  577 
technic  of  determining,  75-76,  77-80 
Invertebrates 

osmoregulatory  mechanisms,  47-50 
total  osmolar  concentration  in  body 
fluids,  44 

Isotope  dilution:  see  also  Volume  of  dis¬ 
tribution 

in  study  of  body  fluid  deficits,  498,  499, 
504,  506,  508,  510 

in  study  of  congestive  heart  failure,  99 
specific  activity  in,  81 
technics,  81-83 
Isotope  turnover,  81-83 

in  transcellular  fluid  measurements,  94 
Ions:  see  Electrolytes 


Kangaroo  rat,  water  conservation  in,  52- 
53 

Ketosis:  see  Starvation,  Diabetes  mel- 
litus 

17-Ketosteroids 
in  cirrhosis,  362 
in  diabetic  acidosis,  376 

Kidneys:  see  also  Renal  failure,  Acute 
tubular  necrosis,  Glomeruloneph¬ 
ritis,  Renal  stones,  Renal  tubu¬ 
lar  acidosis,  Renal  tubules,  Renal 
vein  pressure 

aglomerular  in  teleost  fishes,  45 
ammonia  formation  by,  254 
ammonium  excretion,  253 
anion -cation  balance  regulation,  22, 
252 

calculation  of  hydrogen  excretion,  88 
collecting  ducts  in  desert  rodents,  52- 
53 

concentrating  ability  and  water  ex¬ 
cretion,  495 

concentrating  power  in  marine  mam¬ 
mals,  50-52 

effect  of  adrenocortical  steroids  on 
tubular  transfers,  21 
effect  of  antidiuretic  hormone  on  tubu¬ 
lar  transfers,  21 


effect  on  cellular  transfers  of- electro¬ 
lytes,  256 

evolution  of,  42-47 
evolution  of  loop  of  Ilenle,  47 
excretion  of  extra  cation  by,  255 
excretion  of  free  acids  by,  253 
excretory  functions,  20 
function  in  infants,  444 
glomerular  filtration,  20 
glomerular  filtration  in  adaptation  to 
fresh  water,  43 

glomerular  filtration  in  diving  marine 
mammal,  51 

glomerular  filtration  in  frog,  45-46 
glomerulo-tubular  imbalance,  20-21 
in  external  transfers  of  body  fluids,  5 
in  metabolic  acidosis,  270 
in  metabolic  alkalosis,  270 
in  osmoregulation,  48-50 
in  regulation  of  body  fluids,  20-23 
in  vitro  potassium  transfers  in  renal 
cortex,  73 

maximum  water  output,  199 
measurement  of  renal  blood  flow,  94 
pH  regulation,  253 
paleontological  role,  42 
paleoecological  role,  42 
primitive  glomerulo-tubular  adapta¬ 
tion  to  fresh  water,  43 
regulation  of  tubular  transfers,  21-22 
renal  blood  flow  in  congestive  heart 
failure,  344 

renal-portal  blood  supply  in  primitive 
glomerulo-tubular  kidney,  43 
sea  water  and  concentrating  power, 
59-61 

segmented  adaptation  to  fresh  water, 
43 

tubular  necrosis,  21,  291,  292 
tubular  reabsorption,  20-21 
tubular  secretion,  20-21 
tubular  secretion  in  teleost  aglomeru¬ 
lar  kidney, 45 

water  conservation  and  hypertonic 
urine,  46-47 

Kidney  transplantation,  313 
Krebs’  cycle,  in  diabetes  mellitus,  373 
Kussmaul  breathing,  271 


Lactate 

in  dialyzing  solution,  557 
use  in  diabetic  acidosis,  380 
Lactogenic  hormone,  404 
Lead  poisoning,  amino  aciduria  in,  32o 
Lean  body  mass 

average  adult,  96-97 

calculated  from  creatinine  excretion, 

98 

calculated  from  oxygen  consumption, 
98 

defined,  81 
measurement,  95-98 
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Ling’s  theory  of  differential  distribu¬ 
tion  of  cellular  ions,  15 
Lipids,  see  also  Fat 
in  cirrhosis,  362 

Lipoid  nephrosis,  see  Nephrotic  syn¬ 
drome  . 

Lithium,  geochemical  and  biological  dis¬ 
tribution  compared,  40-41 

Liver 

fluid  distribution  in,  7-8 
measurement  of  hepatic  blood  flow,  94 
use  of  plasma  transfusion  in  viral 
hepatitis,  540 

Lower  nephron  nephrosis:  see  Acute  tub 
ular  necrosis 

“Low  salt  syndrome”:  see  Low  sodium 
syndrome 
Low-sodium  diets 
detailed,  586-590 
nutritional  values,  216 
potassium  content,  215 
representative  foods,  215 
salt  substitutes,  216 
sodium  deficit  due  to,  476,  478 
types,  215 

“Low  sodium  syndrome” 
circulatory  failure,  210 
fluid  distribution  in,  210 
renal  insufficiency  in,  210 
sodium  excesses  in,  210 
sodium  therapy  in,  514 
Lungs 

alveolar  Pco2  levels,  252 
CO2  excretion,  252 
effects  of  hyperventilation,  252 
external  transfers  of  body  fluids,  5 
factor  in  anion-cation  balance,  252 
fluid  exchanges  with  external  environ¬ 
ment,  19 

respiratory  acidosis  in  chronic  dis¬ 
eases,  267 

respiratory  center,  252 
secondary  responses  in  metabolic  aci¬ 
dosis,  270 

secondary  responses  in  metabolic  al¬ 
kalosis,  270 

vaporization  of  water,  19 
Magnesium 

as  intracellular  cation,  6-7 
atomic  weight  of,  591 
calculation  of  requirements,  512 
concentrated  ampules  of  sulfate,  542 
daily  net  turnover,  494,  512 
deficiency  of,  151 

diagnosis  of  disturbances  of,  485-487 
distribution  in  marine  invertebrates, 
47-48 

extracellular  content  of,  494 
in  chemical  evolution  of  the  ocean,  39- 
41 

in  diabetic  acidosis,  151,  386,  377 
in  dialyzing  solution,  557 


in  hypothermia,  56 
in  myxedema,  406 _ 
in  renal  failure,  151  . 

in  renal  regulation  of  anion-cation  bal¬ 
ance,  22 

in  thyroid  disorders,  151, 487 
ionization  in  plasma  of,  487 
intestinal,  in  marine  mammals,  50 
intracellular  content  of,  494 
intolerance  to,  in  sea  water,  59 
parenteral  solution  of,  533,  539 
potassium  antagonist  in  heart,  512 
renal  tubular  transfers  in  teleost  ag- 
lomerular  kidney,  45 
serum,  normal  values  of,  120 
total  body  content  of,  494 
Magnesium  deficit 

due  to  low  magnesium  intake,  485-487, 
512 

hypomagnesemia  in,  485-487,  512 
in  renal  disease,  485^-487 
neuromuscular  hyperirritability  in, 
485-487 

range  in  diabetic  acidosis,  512 
range  of,  512 
tetany  in,  485-487 
Magnesium  excesses,  151 
due  to  administration  of  salts,  487 
due  to  high  magnesium  intake,  486,  487 
in  renal  insufficiency,  486,  487,  512 
neuromuscular  depression  in,  486,  487 
Mammals 

desert,  water  balance  of,  52-54 
marine 

evolution  of,  43 

osmoregulatory  mechanisms  in,  48- 
52 

terrestrial 

evolution  of,  46-47,  43 
osmoregulatory  mechanisms  in,  48- 
50 

total  osmolar  concentration  of  body 
fluids,  44 

Man 

skeletal  muscle  analysis,  71-72 
Mannitol 
space,  77-80 

volume  of  distribution  technic  using, 
75 

Masculinization,  electrolytes  in,  407 
Menstruation 

sodium  excess  in  premenstrual  edema, 
476,  478 

sodium  and  water  changes,  406 
Mercury,  effect  on  kidney,  292 
Mercurial,  diuretics 
effect  on  plasma  volume,  225 
magnesium  deficit  caused  by,  485-487 
metabolic  alkalosis  caused  by,  480 
pharmacology,  225 
sodium  deficit  due  to,  476,  478 
use  with  ammonium  chloride,  225 
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Mesozoic  era 

air  adaptation  of  birds  and  reptiles,  46 
teleost  fishes,  evolution  of,  45 
Metabolic  acidosis:  see  Acidosis,  meta¬ 
bolic 

Metabolic  alkalosis:  see  Alkalosis,  meta¬ 
bolic 

Milieu  interieur:  see  Internal  environ¬ 
ment 

Milk 

composition  and  use,  524-526 
in  balance  technic,  571 
Milliequivalent 
conversion  factors  of,  118,  591 
definition,  118 

related  to  milligram  per  cent,  118 
Millimol,  definition,  119 
Minerals,  total  body 
calculation  of,  95 
value  for  average  adult,  97 
Mitochondria,  non-exchangeable  potas¬ 
sium  in,  93 

Moore,  F.  D.,  formula  D  solution  in 
jejunal  fluid  therapy,  composition 
of,  524 

Mucoviscidosis,  sodium  loss  in,  167 
Muscle:  see  Skeletal  or  smooth  muscle 
electrolyte  content,  132 
electrolytes  in  starvation,  158 
function  in  hypokalemia,  184 
potassium  transfers  in  rat  diaphragm, 
73 

Muscular  paralysis 
in  potassium  deficit,  479,  481 
in  potassium  excess,  481-483 
Muscle  cramps 
in  overhydration,  476,  478 
in  sodium  deficit,  54,  57 
Myxedema:  see  Thyroid 

Negative  nitrogen  balance,  in  diabetic 
acidosis,  376 
Nephrocalcinosis 

due  to  Vitamin  D  intoxication,  319 
in  renal  tubular  acidosis,  321 
Nephrolithiasis,  due  to  idiopathic  hy- 
percalciuria,  324 
Nephrotic  syndrome,  310 
causes,  309 
clinical  findings,  310 
hyperlipemia  in,  362 
muscle  analysis  in,  72 
pathology,  309 
sodium  excess  in,  476,  478 
therapy,  310 
urine  findings,  310 
Net  flux,  defined,  11 
Neuromuscular 

depression  in  magnesium  excess,  486, 
487 

hyperirritability  in  magnesium  deficit, 
485-487 

Neutral  ash  diet,  591 


New  steady  states 
effect  of  sodium  chloride  on,  214 
effect  of  water  restriction  on,  214 
Nitrogen 

bends  in  deep  sea  diving,  63 
fecal,  measurement  of,  574 
insensible  loss,  139 
potassium  ratio,  86-87 
tissue  analyses  of,  69 
total  body,  96 
Nitrogen  balance 
in  diabetic  acidosis,  374 
non-protein  nitrogen  correction  of,  86 
Nitrogen  deficit 

range  in  adrenocortical  insufficiency. 
504,510 

range  in  congestive  heart  failure,  504, 
510 

range  in  diabetic  acidosis,  504,  510 
range  in  gastrointestinal  fluid  loss,  504, 
510 

range  in  postoperative  state,  504,  510 
range  in  uremic  acidosis,  504,  510 
range  in  starvation,  504,  510 
Nitrogen  excess 
range  in  burns,  504,  510 
range  in  renal  tubular  acidosis,  504, 
510 

Noncollagenous  nitrogen,  in  potassium 
ratio,  87 

Noncollagenous  nitrogen,  in  tissue  anal¬ 
yses,  70 

Norepinephrine,  464 
Nutrition  history,  form,  580 

Obesity,  body  composition  in,  95-97 
Ocean  water:  see  Sea  water 
Oliguria 
causes  of,  292 
in  dehydration,  476,  477 
in  sodium  deficit,  476,  478 
Oncotic  pressure,  role  of  plasma  pro¬ 
teins,  7 

Ordovician  period,  fossils  and  fresh¬ 
water  adaptations,  43 
Organic  acids,  renal  excretion  of,  253 
Oscillations 

in  self-regulating  mechanisms,  24-26 
of  body  weight,  27 
Osmolarity 

effect  on  osmoreceptors,  21 
intracellular 

calculation  of  changes  in,  91-93 
changes  in  rat  renal  cortex,  93 
changes  in  skeletal  muscle,  92-93 
changes  in  tissue  slices,  93 
effect  of  anoxia,  93 
effect  of  electric  shock,  93 
effect  of  exercise,  93 
effect  on  water  shifts,  13-16 
in  balance  data,  577 
role  in  volume  regulation,  24 
Osmosis,  fluid  transfer  by,  9-10 
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Osmotic  environment,  adaptation 
to  dry  land  and  air,  48-50 
to  hypertonicity  of  sea  water,  48-50 
to  hypotonicity,  48-50 
Osmotic  pressure 
definition  of  role  in  body  fluids,  4 
effective,  9-10 
gradients,  4 

in  intracellular-extracellular  transfers, 

13-16 

of  body  fluids,  132 
of  plasma  proteins,  11-13 
role  of  in  dehydration,  158 
Osmoreceptors 
as  servo-mechanism,  26-27 
in  body  fluid  regulation,  140 
in  regulation  of  water  excretion,  21 
role  in  congestive  heart  failure,  348 
Osmoregulation 

air  adaptation,  45-47 
evolution  of,  41-47 
in  adaptation  to  environment,  42 
in  elasmobranchs,  invertebrates,  mam¬ 
mals  and  other  genera,  45-50 
mechanisms  of,  42 
present-day  adaptations,  47-54 
role  of  gills  in  development  of  teleosts, 
45 

Osmoticallv  active  cell  base:  see  Os- 
molarity 

Osteichthyes:  see  Teleost  fishes 
Osteomalacia 

in  calcium  deficiency,  483-485 
in  Fanconi  syndrome,  323 
therapy  of  in  renal  tubular  acidosis, 
323 

Osteoplastic  lesions  in  calcium  excesses, 
484,  485 

Osteoporosis,  in  calcium  deficiency,  483- 
485 

Ostracoderm 
adaptation  to  air,  45 
fresh  water  adaptation,  43 
Overhydration:  see  also  Water  excesses 
complication  of  peritoneal  dialysis,  551 
hazards  in,  296 
in  acute  renal  failure,  296 
Oxygen 

effect  on  potassium  transfers  of,  73 
in  fluid  therapy,  544 
lean  body  mass  as  calculated  from  con¬ 
sumption  of,  98 
poisoning  in  deep  sea  diving,  63 
therapy  in  respiratory  acidosis,  480 

Paleochemistry,  Macallum’s  theory  of 
body  fluids,  35-42 

Paleozoic  era,  evolution  of  elasmo- 
b ranch,  44-45 

Pancreatectomy,  diabetes  in,  373 
Paralytic  ileus,  potassium  deficit  in 
479,  481 

sodium  deficit  in,  476,  478 


Parathyroid, 

hyperparathyroidism 

calcium  deficit  in,  483-485 
hypercalcemia  in,  318 
hypercalciuria  in,  318 
hypophosphatemia  in,  318 
phosphate  deficit  in,  483-484 
phosphate  excess  in,  483-484 
tubular  damage  in,  318 
role  in  calcium  and  phosphorus  metab¬ 
olism,  151 

role  in  renal  tubular  acidosis,  321 
Parenteral  fluids:  see  also  Fluid  therapy 
average  daily  requirements,  188 
carbohydrate  containing,  188 
composition  of,  529-541 
fat  containing,  188 
fructose  containing,  188 
in  dehydration,  188 
indications  in  infants,  445 
protein  hydrolysates,  188 
Paresthesia,  in  potassium  excess,  481-483 
Pcoj:  see  also  Bicarbonate,  Carbonic 
acid,  Anion-cation  balance,  Buf¬ 
fer 

alveolar 

effect  on  carbonic  acid  concentra¬ 
tions,  244 

in  disturbances  of  anion-cation  bal¬ 
ance,  244 

calculation  from  Singer-IIastings  no¬ 
mogram,  248 
definition  of,  251 
effect  on  respiratory  center,  252 
effect  on  serum  CO 2 , 252 
in  respiratory  acidosis,  480 
in  respiratory  alkalosis,  480 
levels  in  congestive  heart  failure,  346 
levels  in  diabetic  acidosis,  374 
use  in  calculating  anion-cation  bal¬ 
ance,  248 

Pemmican  and  water  balance,  62 
Peritoneal  dialysis,  551 
Peritoneal  infusions,  543 
Permeability 

as  an  osmoregulatory  mechanism,  42 
cellular,  13-16 
Permian  period 

air  adaptation  in  birds  and  reptiles,  46 
terrestrial  mammals  in,  46-47 
pH:  see  also  Hydrogen  ion 
definition  of,  242 
in  diabetic  acidosis,  377 
in  respiratory  acidosis,  480 
in  respiratory  alkalosis,  480 
in  vomiting,  163 

normal  physiological  range,  242 
of  dialyzing  solution,  557 
relation  to  II+  activity,  242 
use  in  calculating  anion-cation  bal¬ 
ance,  248 

Phases  of  body  fluid,  5 
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Phosphorus-phosphate 
as  intracellular  anion,  6-7 
atomic  or  radicular  weight,  591 
body  fluid  buffer  system,  240 
buffer  system  in  red  cells,  246 
buffer  system  in  tissue  cells,  246 
daily  variations  in,  126 
diagnosis  of  disturbances  of,  483-484 
effect  of  vitamin  D  on,  150,  169 
effect  of  growth  hormone,  403 
effect  of  insulin  on,  407 
effect  of  parathormone  on,  151 
in  chronic  renal  failure,  311 
in  diabetic  acidosis,  169,  386 
in  hyperparathyroidism,  169 
in  renal  rickets,  318 
normal  values  of,  123 
role  of  renal  clearance,  318 
units  of  measurement  of,  119 
Phosphorus-phosphate  excess 
hyperphosphatemia  in,  483-484 
hypocalcemia  in,  483-484 
in  high  intake,  483-484 
in  hypoparathyroidism,  483—184 
in  renal  insufficiency,  483-484 
in  uremia,  therapy  with  vivodialysis, 
556, 558-559, 561 
tetany  in,  483-484 
Phosphorus-phosphate  deficit, 
hypophosphatemia  in,  483-484 
in  diabetic  ketosis,  483-484 
in  hyperparathyroidism  483-484 
in  low  intake,  483-484 
in  steatorrhea,  483-484 
therapy  of,  193 

Phosphorylation,  and  potassium  trans¬ 
fers,  15 

Photosynthesis  and  origin  of  life,  37 
Pitressin:  see  Antidiuretic  hormone 
Pituitary 
anterior 

basophil  cells,  function  and  electro¬ 
lyte  effects  of,  404 

effects  of  destruction  or  tumor  on 
electrolytes,  404 

effect  of  removal  on  diabetes  in¬ 
sipidus,  405 

effect  on  sodium  regulation,  146 
eosinophil  cells,  403 
functional  anatomy  of,  402 
types  of  cells,  402 

control  of  water  balance  in  frogs,  46 
posterior:  see  Antidiuretic  hormone 
Hypopituitarism,  404,  466 

effect  of  anterior  pituitary  on,  405 
effect  on  electrolyte  excretion,  142 

Plasma  . 

calculation  of  requirements,  513-514 
exchanges  with  interstitial  fluid,  11—13 
interstitial  fluid  exchanges  and  radio¬ 
sodium  turnover  in,  82 
ionic  composition  of,  6-7 
loss  in  salt  depletion,  177 


parenteral  use  of  pooled,  534,  540 
Plasma  C02  content:  see  Carbon  dioxide 
content,  serum 

Plasma  protein :  see  Serum  proteins 
Plasma  volume 
effect  of  sodium  depletion,  58 
effect  of  water  deprivation,  58 
emergency  oral  salt  solution  for  main¬ 
tenance  of,  524-525 
in  congestive  heart  failure,  345 
in  sodium  depletion  shock,  535 
measurement  by  Evans’  blue  dye, 
T-1824,  76-79 

measurement  by  hematocrit  and  hemo¬ 
globin  in,  78-79,  85-86 
measurement  by  radioiodine-tagged  al¬ 
bumin,  76-78 

measurement  by  volume  distribution 
technic,  76-78 

methods  of  determination,  116 
role  in  volume  regulation,  23 
subdivision  of  extracellular  fluid,  7,  51 
therapy  with  expanders  of,  534,  540 
Plasma  volume  expanders 
calculation  of  requirement  of,  513-514 
dextran  as  a  diuretic,  224 
parenteral  use  of,  534,  540 
parenteral  use  of  colloids,  534,  540 
parenteral  use  of  polyvinylpyrrolidine, 
534,  540 

use  in  cirrhosis,  366 
use  in  diabetic  acidosis,  378 
Plethysmograph,  measurement  regional 
blood  flow  by,  94 
Poikilosmoticity 
definition,  42 

relative  in  marine  invertebrates,  48-50 
Poikilothermia  in  desert  animals,  52 
Polyvinylpyrrolidine:  see  Plasma  volume 
expanders 

Portocaval  shunt,  366 
Postoperative  state 
range  of  nitrogen  deficit,  504,  510 
range  of  potassium  deficit,  504,  510 
range  of  sodium  excess,  499,  508 
Posterior  pituitary:  see  Antidiuretic  hor¬ 
mone 

Post-renal  obstruction  as  a  cause  of 
acute  renal  failure,  309 
Potassium 

adrenocortical  and  renal  regulation  of, 
148,  511 

as  intracellular  cation,  6-7 
atomic  weight,  591 
body  content,  81-82,  146,  204,  494 
cellular  transfers,  14-16,  204 
content  in  sodium  restricted  diets,  215 
daily  fecal  excretion,  511, 574 
diagnosis  of  disturbances,  479,  481-4S3 
distribution  in  marine  invertebrates, 
47 

diurnal  variations,  27 
effect  of  aldosterone,  148 


INDEX 


615 


effect  of  anoxia,  204  .  ...  . 

effect  of  carbonic  anhydrase  inhibitor, 

183 

effect  of  diuretics,  183 
effect  of  DOCA,  148 
effect  of  glycogen  formation,  204 
effect  of  insulin,  204,  407 
effect  of  low  potassium  intake  on  renal 
excretion,  511 

effect  of  sodium  loading  on  renal  ex¬ 
cretion,  511 

effect  of  testosterone,  204 
exchangeable,  81,  82,  96,  494 
extracellular  content,  180,  204,  494 
gastrointestinal  tract  exchanges,  18 
geochemical  and  biological  distribu¬ 
tions  compared,  37-42 
in  chemical  evolution  of  ocean,  39-41 
in  definition  of  extracellular  fluid,  6 
in  dialyzing  solutions,  557 
in  familial  periodic  paralysis,  204,  394, 
397 

in  foraminifera  of  ocean,  40 
in  liver  mitochondria,  93 
in  neuro  muscular  function,  397 
in  phosphorylation,  15 
in  ratio  to  nitrogen,  86-87 
in  renal  disease,  183,  204,  324, 
in  skeletal  muscle,  70-72 
in  sweat,  19 
intracellular 

cell  changes  in  congestive  heart 
failure,  341 

cell  content,  130,  146,  180,  203,  204, 
494 

deficits  in,  347 
effect  of  anoxia,  147 
effect  of  carbohydrate  metabolism, 
147 

effect  of  compound  E,  148 
in  glycogen  formation,  147 
relation  to  serum  concentrations,  479 
role  in  familial  periodic  paralysis, 
396 

transfers  at  death,  147 
transfers  by  balance  technic,  86, 
89-90 

intracellular  and  extracellular  dis¬ 
tribution,  13-16 

magnesium  antagonism  in  heart,  512 
maintenance  of  balance,  81,  511 
need  in  sodium  therapy,  503 
net  daily  turnover,  494,  509 
osmotic  effect,  132 
parenteral  solution,  532-533,  537-539 
range  of  renal  excretion,  511 
rate  of  infusion  and  cardiotoxicity  of 
intravenous  solutions,  529 
relation  to  tubular  hvdrogen  transfers, 
22, 256,  278 

renal  regulation  of,  148,  168,  183,  192 
renal  tubular  reabsorption  and  secre¬ 
tion,  148 


role  in  renal  anion-cation  balance,  22 
routes  of  excretion,  146 
sequestration  in  sedimentary  rock,  4U 
serum 

daily  variations  in,  126 

effects  of  dilution,  192 

in  congestive  heart  failure,  347 

in  diabetic  acidosis,  186,  377 

in  diabetic  coma,  183 

in  diagnosis  of  potassium  excess,  512 

in  infantile  diarrhea,  183,  186 

in  metabolic  alkalosis,  480 

in  newborn  infants,  120 

normal  values  of,  120 

regulation  of,  148 

relation  to  intracellular  content,  479 
stool  content,  146 

transfers  in  acidosis,  alkalosis,  225 
Potassium  deficits 

adrenocortical  factors  in  deficits,  168, 
183 

alkalosis  in,  183,  256,  273,  280, 480, 
balance  study,  100 
calcium  antagonism  in,  232 
calculation  of,  511 
clinical  features,  192 
diminished  deep  reflexes  as  sign  of, 
479,  481 

during  fluid  therapy,  192 
ECG  changes,  184,  479,  481 
effect  of  hypocalcemia,  184 
effect  on  digitalis,  184,  479,  481 
extrarenal  routes  of  loss,  183 
high  serum  CO2  in,  479,  481 
hypochloremia  and  metabolic  alkalo¬ 
sis,  183,  256,  273,  280 
hypokalemia  in,  479,  481 
in  adrenocortical  steroid  therapy,  426, 
479,  481-482 
in  burns,  504, 510 

in  cation  exchange  resin  therapy,  223 
in  chronic  renal  syndromes,  479 
in  cirrhosis,  365 
in  clinical  conditions,  504,  510 
in  congestive  heart  failure,  347,  504, 
510 

in  diabetic  acidosis,  376,  384,  479,  481, 
504,  510 

in  familial  periodic  paralysis,  192,  398 
in  gastrointestinal  dialysis,  550 
in  gastrointestinal  fluid  losses,  273,  280, 
482,  504,  510 

in  hypcradrenocorticism,  273,  280 
in  low  K  intake,  273,  479,  481-482 
in  lower  nephron  nephrosis,  183 
in  polyuria  of  acute  renal  failure,  479, 
481 

in  pyloric  stenosis,  184 
in  renal  disease,  184 
in  renal  wastage,  324 
in  starvation,  158,  504,  510 
in  surgical  patients,  457 
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Potassium  deficits — cont. 
in  tubular  dysfunction,  280 
Joss  through  hematochezia,  107 
low  urinary  potassium  in,  470,  481 
mental  confusion  in,  470,  481 
muscle  analysis  in,  72,  101 
muscular  paralysis  in,  470,  481 
necrosis  of  striated  muscle  in,  184 
paralytic  ileus  in,  184,  470,  481 
postoperative,  504,  510 
range  of,  511 
renal  responses  to,  280 
repair  solutions,  512 
ro  e  of  deprivation,  148,  273 
role  of  renal  losses,  182 
sodium  transfers  in,  185 
therapy  by  diet,  103 
therapy  in  infants,  451 
therapy  of,  511 
therapy  of  renal  wasting,  515 
therapy  with  Harrow’s  solution,  538 
therapy  with  parenteral  solution,  273, 
532-533,  538-530 

use  of  subcutaneous  solutions,  54 
Potassium  excesses,  227 
calculation  of,  512 
cardiotoxicity,  481-483,  512 
cell  transfers,  227 
clinical  manifestations,  204 
digitalis  antagonism,  232 
distribution  of,  203 
electrocardiographic  signs,  204,  481-483 
etiology,  203 

hyperkalemia  as  sign  of,  481-483,  512 
in  acute  renal  failure,  304 
in  adrenocortical  insufficiency,  204, 
481-483,  504,  510 
in  dehydration,  227 
in  lower  nephron  nephrosis,  228 
in  oliguria,  204 
in  renal  failure,  227,  481-483 
muscular  paralysis  in,  481-483 
neuromuscular  function,  204 
paresthesias  in,  481-483 
role  of  urinary  losses,  228 
therapeutic  principles,  227 
therapy  by  cation  exchange  resins,  228 
therapy  by  cell  transfers,  227 
therapy  by  expansion  of  body  water, 
227 


therapy  by  gastrointestinal  lavage,  228 
therapy  by  glucose  and  insulin,  228 
therapy  by  peritoneal  lavage,  228 
therapy  by  restriction  of  intake,  227 
therapy  by  vivodialysis,  231,  556,  558- 
559,  561 

Potassium  intoxication:  see  Potassium 
excesses 
Potassium  salts 
as  diuretics,  224 

concentrated  ampules  of  acetate,  chlo¬ 
ride,  and  phosphate,  542 


parenteral  use  of  phosphate  and  chlo¬ 
ride,  532,  538 
use  in  replacement,  192 
Potassium  transfers 
effect  of  carbohydrate  metabolism,  181 
effect  of  insulin,  181 
effect  of  pH  changes,  182 
effect  of  testosterone,  181 
^tracellular,  by  balance  technic,  86, 

in  dehydration,  182 
in  familial  periodic  paralysis.  182 
in  growth,  181 
in  vitro  effect  of  acetate,  73 
in  vitro  effect  of  cold,  74 
in  vitro  effect  of  cyanide,  74 
in  vitro  effect  of  fluoride,  74 
in  vitro  effect  of  glucose,  73 
in  vitro  effect  of  oxygen,  73 
studied  by  vivodialysis,  555 
Pre-Cambrian  era,  origin  of  life,  36,  40 
Pregnancy,  calcium  deficit  in,  485 
Pre-renal  failure 
etiology,  309 
Trueta  shunt  in, 309 
Protein :  see  also  Serum  proteins 
as  an  intracellular  anion,  6-7 
as  a  body  fluid  buffer,  240 
as  component  of  body  fluids,  3 
calculation  of  reciuirement  of,  513 
catabolism  in  acute  renal  failure,  302 
in  calculation  of  water  balance,  84-85 
intake  in  chronic  renal  failure,  314 
loss  in  salt  depletion,  177 
restricted  to  plasma,  7 
restriction  in  acute  renal  failure,  305 
Protein  buffer  system 
albumin,  246 
globulin,  246 
hemoglobin,  245 
lymph,  246 

Protenum®  in  oral  fluid  therapy,  524-527 
Protolysate®,  composition  and  use,  524- 
527 

Protoplasm,  precursors  of,  36-37 
Protovertebrate,  adaptation  to  fresh 
water,  42-43 

Pseudohypoparathyroidism 
hyperphosphatemia  in,  325 
hypocalcemia  in,  325 
Pulmonary  insufficiency,  respiratory 
acidosis  in,  480 
Pyloric  stenosis 
metabolic  alkalosis  in,  320 
potassium  levels  in,  184 
renal  damage  in,  320 

Racial  characteristics 
effects  of  climate  on,  55-56 
related  to  water  balance,  55-56 
Radicular  weights,  591 
Radioactivity,  measurement  of  age  of 
earth  by,  37-38 
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Radioactive  chloride,  use  in  determining 
extracellular  volume,  77-79,  117 
Radioactive  iodine 
in  plasma  proteins,  76 
measurement  of  plasma  volume  by 
tagged  albumen,  76-78 

Radioactive  potassium 

as  a  measure  of  cell  volume,  11/ 
dilution,  81-82  . 

exchangeable  pool  and  balances  ot 
potassium,  81-82,  96 
in  study  of  liver  mitochondria,  93 
simultaneous  measurement  with  radio¬ 
sodium,  81 
turnover,  82 

Radioactive  protein  in  plasma  volume 
determination,  116 
Radioactive  sodium 
dilution,  81-82 

measurement  of  subcutaneous  fluid 
exchange,  94 

simultaneous  measurement  with  radio¬ 
potassium,  81 
space,  77-79 

in  congestive  heart  failure,  99 
in  infants,  77 

total  exchangeable  pool,  81-82,  96 
turnover  in  plasma  and  interstitial 
fluid,  82 

use  in  determining  extracellular  vol¬ 
ume,  117 

Radioactive  sulfate  space,  77-79 
in  calculation  of  sodium  requirement, 
502 

Radioactive  tagged  cells,  in  plasma  vol¬ 
ume  determination,  116 
Radioactive  water:  see  Tritium  oxide 
Readaptation,  sea  water  from  fresh 
water  elasmobranchs,  44-45 
Red-cell:  see  erythrocyte 
Regulating  mechanisms,  24-27 
Receptor  organs,  in  body  fluid  regula¬ 
tion,  22-27 
Renal  anoxia,  292 
Renal  failure 
acidosis  in,  209 
acute,  291,  295,  296 
causes  of,  294 
clinical  course  of,  292 
compensated,  291 

conservative  therapy  vs.  vivodialy- 
sis,  560,  561 
duration  of,  294 
effect  of  catabolic  rate,  561 
exchange  transfusion  in,  562 
magnesium  deficit  in,  485-487 
metabolic  acidosis  in,  480 
metabolic  and  respiratory  alkalosis 
complicating,  515,  517 
oliguric  phase  of,  293,  294 
oral  fluid  therapy  of,  524-527 
potassium  deficit  in  polyuric  phase, 
479,  481 


therapy  of,  272,  307 
therapy  of  potassium  deficit,  515 
therapy  with  artificial  kidney,  556, 
558-561 

in  calcium  excesses,  484,  485 
in  salt  depletion,  177 
in  Vitamin  D  intoxication,  319 
magnesium  excess  in,  486,  487,  512 
phosphate  excesses  in,  483,  484 
potassium  excesses  in,  209,  481-483 
salt  and  water  wasting  nephritis,  312 
sodium  deficits  in,  476,  478 
sodium  retention  in,  202 
sodium  shifts  in,  209 
sodium  therapy  in  acidosis,  514-515 
therapy  of  chloride  deficit  and  vomit¬ 
ing,  515-517 

therapy  of  potassium  deficit,  515,  538 
therapy  of  potassium  excesses,  227 
therapy  with  artificial  kidney,  558-561 
therapy  with  sodium  alkali  solutions, 
536 

use  of  high-fat  low-K  solution,  524-527 
use  of  salt  substitutes  in,  216 
volume  changes  in,  209 
Renal  stones 

in  calcium  deficits,  483-485 
in  calcium  excesses,  484-485 
Renal  tubular  acidosis 
calcium  deficit  in,  483-485 
character  of  tubular  defect,  321 
etiology,  321 
hyperchloremia  in,  320 
hypophosphatemia  in,  320 
metabolic  acidosis  in,  320 
osteomalacia  in,  320 
range  of  chloride  deficit,  498,  506 
range  of  nitrogen  excess,  504,  510 
range  of  potassium  deficit,  504,  510 
range  of  sodium  deficit  ,  499,  508 
therapy  of  potassium  deficit,  538 
treatment,  321 
Renal  tubules 
carbonic  anhydrase  in,  253 
effect  of  “Diamox”,  253 
effect  of  P cos  on,  256 
intrinsic  types  of  tubular  defects,  sum¬ 
mary,  325 

ion  exchanges  in  anion-cation  balance, 
253 

reabsorption  of  bicarbonate  in,  256 
Renal  vein  pressure 
role  in  ascites,  364 

role  in  congestive  heart  failure,  344 
Reptiles 

evolution  of,  43,  46 
osmoregulatory  mechanism,  46,  48-50 
water  balance  in  desert  ,  52 
Resin  enema,  in  treatment  of  hvper- 
kalemia,  516-517 

Respirator,  respiratory  alkalosis  pro¬ 
duced  by,  516-517 
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Respiratory  acidosis:  see  Acidosis,  re¬ 
spiratory 

Respiratory  alkalosis:  see  Alkalosis, 
respiratory 

Respiratory  center,  regulatory  factors 
in,  252 

Respiratory  failure 
in  dehydration,  176 
in  intracellular  dehydration,  59 
Rheumatic  fever,  acute  renal  failure  in, 
308 

Rickets,  vitamin  D  and  calcium  deficit 
in,  483-485 
Ringer’s  lactate 
parenteral  use  of,  530,  537 
use  in  fluid  therapy,  192,  530,  537 
River  water,  ionic  composition  of,  37-42 
Rubidium 

effect  on  electrocardiogram,  41 
geochemical  and  biological  distribu¬ 
tions  compared,  40-41 

Salamander,  mechanism  of  osmoregula¬ 
tion  in,  45-46 
Salicylate  poisoning 
diuresis  in,  272 
metabolic  acidosis  in,  276 
respiratory  alkalosis  in,  276 
vivodialysis  in,  272,  562 
Salmon,  osmoregulation  in,  45 
Salt  depletion:  see  Sodium  deficits,  Low 
sodium  syndrome 

Salt  retention:  see  Sodium  excesses 
Salt  substitutes 
in  renal  failure,  216 
lithium  types  of,  216 
Seal,  osmoregulation  in,  50-52 
Sea  water 

ancient  composition  of,  36-42 
chemical  evolution  of,  37-42 
development  of  internal  environment, 
41-42 

ingestion  as  cause  of  death,  59 
ingestion  by  Kangaroo  rat,  53 
ingestion  by  mammals, 53 
ionic  composition  of,  36-42 
kidney’s  concentrating  power  in  in¬ 
gestion,  59-61 

magnesium  and  sulfate  intolerance  in 
ingestion,  59 

related  to  composition  of  body  fluids, 
35-42 

Secretion  of  salt  and  water  as  osmoregu¬ 
latory  mechanism,  42 
Sedimentary  rock,  ionic  composition  of, 
37-42 

Self -regulation 

cybernetics  and,  24 
mechanisms  in  energy  exchange,  26-2/ 
steady  state  and,  24 
Semipermeable  membrane,  9-10 
Serum  albumin:  see  also  Serum  proteins 
expansion  in  starvation  of,  158 


in  hyperthyroidism,  406 
in  infants,  124 
^  normal  values  of,  124 
Serum  bicarbonate :  see  Carbon  dioxide  in 
serum 

Serum  calcium:  see  Calcium,  serum 
Serum  chloride:  see  Chloride,  serum 
Serum  electrolytes:  see  Electrolytes 
serum 

Serum  globulin:  see  also  Serum  proteins 
in  infants,  124 
normal  values  of,  124 
Serum  magnesium:  see  Magnesium, 
serum 

Serum  phosphorus:  see  Phosphate,  serum 
Serum  potassium :  see  Potassium 
Serum  proteins 
calcu  ation  of,  128 

calculation  of  serum  water  concentra¬ 
tion  from,  85 
electrolytes  and,  128 
Evans’  blue  dye  and,  76 
in  anion-cation  balance,  246 
in  cirrhosis,  362 
in  early  liver  disease,  361 
in  infants,  124 
in  interstitial  fluid,  128 
normal  values  of,  124 
radioiodine  and,  76 
therapy  of  deficit  in,  540 
units  of  measurement  of,  119 
Serum  sodium:  see  Sodium,  serum 
Serum  total  CO2  content:  see  Bicarbon¬ 
ate,  Pcoi ,  Carbonic  acid,  Anion- 
cation  balance 
Serum  water:  see  Water 
Servo-mechanism  in  self -regulation,  24 
Sharks:  see  Elasmobranchs 
Sheehan’s  syndrome,  404, 466 
Sieving  effect,  capillary  transfers  and,  13 
Silica,  potassium  sequestration  in  illite, 
40 


Simmonds’  disease,  404,  466 
Singer-IIastings  nomogram 
buffer  base,  248 
for  calculation  of  Pcoj  ,  248 
Skeletal  muscle 
analysis 

effect  of  desoxycorticosterone,  72 

effect  of  exercise,  72 

in  acidosis,  72 

in  acute  hemorrhage,  72 

in  adrenocortical  insufficiency,  72 

in  alkalosis,  72 

in  burns,  72 

in  congestive  heart  failure,  72,  100 
in  dog,  70 
in  hypertension,  72 
in  man,  71-72 
in  nephrotic  syndrome,  72 
in  potassium  deficiency  and  meta¬ 
bolic  alkalosis,  72,  101 
in  sodium  depletion,  72 
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changes  in  cellular  osmolarity  of,  92-93 

chloride  content  of,  70-72 

effect  of  aging  on,  72 

extracellular  fluid  in,  <0-72 

fat  correction  in  analysis  of,  69 

fat-free  solids  in,  70-72 

fluid  distribution  by  analysis  of,  60 

fluid  distribution  in,  7-8 

in  tissue  analysis,  69-72 

intracellular  fluid  in,  70-72 

potassium  content  of,  70-71 

sodium  content  of,  7(K71 

water  content  of,  69-72 

active  absorption  of  salt  in  frogs  and 
salamanders,  45-46 

external  exchanges  of  fluid  by,  5,  19-20 
fluid  distribution  in,  7-8 
output  in  balance  measurements,  574- 
575 

role  in  osmoregulation,  48-50 
turgor  in  dehydration,  476,  477 
Sodium:  see  Hyponatremia,  Hyperna¬ 
tremia 

absorption,  regulation,  143,  192 
adrenocortical  regulation  of,  84,  143, 
146,  168,  192 

as  extracellular  cation,  6-7 
as  index  of  total  electrolyte  concen¬ 
tration,  207 
atomic  weight,  591 
calculation  of  requirement,  501-507 
cellular  transfers,  14-16 
cerebro-renal  regulation,  439 
conservation  in  starvation,  158 
daily  needs,  192 
deficits  in  infancy,  445 
diurnal  variations,  27 
effect  of  alkali  therapy  on,  503,  507 
effect  of  low  intake  on  balance,  501 
exchangeable  body  content,  81,  82,  96, 
494 

exchanges  in  bone,  80 
extrarenal  losses,  192 
gastrointestinal  tract  exchanges,  18 
geochemical  and  biological  distribu¬ 
tions,  35-42 

geochemical  distribution,  37-42 
gill  excretion,  45 

hypernatremia  in  cerebral  injury,  439 
hypernatremia  in  dehydration,  439 
hyponatremia  in  tuberculosis,  440 
in  chemical  evolution  of  ocean,  39-41 
in  cirrhosis,  362 
in  diabetic  acidosis,  377,  380 
in  dialyzing  solution,  557 
in  gastrointestinal  fluid  losses,  501 , 502 
in  infants,  444 
in  marine  invertebrates,  47 
in  relation  to  cell  osmolarity,  91-93 
in  renal  regulation  of  anion-cation 
balance,  22 
in  renal  wasting,  501 


in  sea,  38-42 

sea  water,  extracellular  fluid,  and 
urine,  59 

in  sweat,  19,  54,  501 
intracellular,  130,  143 
intracellular  and  extracellular,  13-16 
measurement  in  feces,  574 
net  daily  turnover,  494,  501 
non-exchangeable,  494 
osmotic  effect  in  extracellular  fluid,  132 
osmotic  shift  of  water  in  calculation  of 
requirement,  503 
pump  in  cells,  15-16 
reciprocal  transfers  with  potassium, 
185 

regulation  of  excretion,  21-22 
relation  to  chloride,  142 
renal  conservation  of,  168 
renal  regulation,  143 
requirement  in  congestive  heart  fail¬ 
ure,  503 

requirement  in  hypertension,  503 
restriction  during  steroid  therapy,  426 
retention  after  surgery,  457 
role  in  osmoregulatory  mechanism, 
48-50 

role  in  volume  regulation,  23 
skeletal  muscle  content,  70-72 
source  in  body,  143 
space,  77-80 

space  as  measure  of  extracellular  fluid, 
96 

stool  content,  143 
stores  in  bone,  143 

therapy  in  edema  and  hypertension, 
514 

total  body  content,  81-82,  494 
use  in  uremia,  313 

volume  of  distribution,  osmotic  and 
apparent,  79 
Sodium  alkali 

contraindications  to  use,  306 
effect  of  alkali  therapy  on  CO2  ,  507 
effect  of  alkali  therapy  on  intracellular 
fluid,  507 

use  in  acute  renal  failure,  306 
Sodium  bicarbonate 
calculation  of  requirement,  507 
concentrated  ampules,  542 
hazards  in  use,  272 
parenteral  use  of,  530,  536 
use  in  metabolic  acidosis,  272 
use  in  uremic  acidosis,  305 
Sodium  chloride:  see  also  Sodium,  Chlo¬ 
ride 

concentrated  ampules,  542 
hypertonic  solutions,  530,  535-536 
hypotonic  solutions,  530,  536 
in  combination  with  bicarbonate  and 
dextrose,  530,  537 
0.85%  solution,  535 

Sodium  Depletion:  see  Sodium  deficits 
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Sodium  deficits 

as  cause  of  pre-renal  failure,  309 
as  result  of  cation  exchange  resins,  223 
azotemia  in,  476,  478 
calculation  by  inulin  space,  502 
calculation  by  radiosulfate  space,  502 
calculation  by  thiocyanate  space,  502 
calculation  of,  502-507 
cardiac  output  in  experimental  deple¬ 
tion,  177 

circulating  plasma  proteins  in  experi¬ 
mental  depletion,  177 
circulatory  changes  in  experimental 
depletion,  176,  179,  189 
effect  on  body  fluids,  58 
effect  on  osmotic  pressures,  176 
experimental,  176,  199 
hemoconcentration  in,  478 
hyponatremia  in,  476,  478 
hypotension  in,  476,  478 
ileus  in,  476,  478 

in  adrenocortical  insufficiency,  476,  478 
in  central  nervous  system  disease,  439 
in  cirrhosis,  364 

in  combination  with  dehydration,  179 
in  combination  with  water  intoxica¬ 
tion,  177 

in  congestive  heart  failure,  347,  348 
in  diabetic  acidosis,  375, 376, 384, 476, 478 
in  excess  of  fixed  anion,  503,  507 
in  excess  of  water,  503 
in  gastrointestinal  fluid  loss,  476,  478 
in  heat  exhaustion,  57 
in  hypodermoclyses,  177,  541 
in  mercurial  diuresis,  476,  478 
in  metabolic  acidosis,  271 
in  patients  on  low  sodium  diet,  476,  478 
in  polyuria  of  acute  tubular  necrosis, 
297 

in  relation  to  chloride  deficit,  509 
in  renal  insufficiency,  177 
in  sweating,  57 
muscle  analysis  in,  72 
oliguria  in,  476,  478 
peripheral  vascular  collapse  in,  476,  478 
range  in  adrenocortical  insufficiency, 
499,  508 

range  in  clinical  conditions,  499,  508 
range  in  diabetic  acidosis,  499,  508 
range  in  gastrointestinal  fluid  loss,  499, 
508 

range  in  renal  tubular  acidosis,  499,  508 
range  in  starvation,  499,  508 
range  in  uremic  acidosis,  499,  508 
removal  of  etiological  factor,  189 
renal  insufficiency  in,  478 
renal  responses,  186 
replacement  therapy  in  Addison’s 
disease,  190 

replacement  therapy  in  diabetic  coma, 

190  L 
replacement  therapy  in  diarrhea,  190 

replacement  therapy  in  vomiting,  190 


tachycardia  in, 476,  478 

therapy  in  edema  or  hypertension,  514- 
olo 

therapy  with  colloids,  190 
therapy  with  glucose  or  saline,  535 
treatment,  189 
^  water  shifts  in,  208 
Sodium  excesses,  200 
calculation  of,  507 
edema  in,  476,  478 
effect  on  body  water,  208 
in  acute  glomerulonephritis,  476,  478 
in  adrenocortical  steroid  therapy,  476 
478 

in  cirrhosis,  202,  364,  366,  476,  478 
in  congestive  heart  failure,  341,  344 
345,  350,  476,  478 
in  edema,  202,  203 
in  healthy  subjects,  201 
in  hyperadrenocorticism,  202 
in  nephrosis,  476,  478 
in  premenstrual  edema,  406,  476,  478 
in  relationship  to  total  body  water,  203 
in  toxemia  of  pregnancy,  202 
in  venous  obstruction,  476,  478 
range  in  burns,  499,  508 
range  in  congestive  heart  failure,  499, 
508 

range  in  postoperative  patients,  499, 
508 

removal  by  gastrointestinal  lavage,  177 
renal  factors  in,  202 
therapy  by  dietary  restriction,  215 
therapy  with  artificial  kidney,  216 
therapy  with  cation  exchange  resins, 
216,  222 

therapy  with  gastrointestinal  lavage, 
216 

Sodium  extracellular:  see  also  Sodium 
body  content,  494 
relation  to  chloride  values,  142 
transfers  by  balance  technic,  86,  89-90 
Sodium  intracellular:  see  also  Sodium 
body  content,  494 

range  of  deficits  and  excesses,  499,  508 
relation  to  connective  tissue,  79-80 
transfers  by  balance  technic,  86,  89-90 
Sodium  lactate 

calculation  of  requirement,  507 
concentrated  ampules,  542 
hazards,  272 
parenteral  use, 530, 536 
use  in  metabolic  acidosis,  272 
use  with  calcium  gluconate  in  anuria, 
305,  530,  537 

Sodium  restriction:  see  also  Excesses 
degrees  and  types,  215 
sample  diets,  215 
sodium  content  of  food,  215 
use  of  sodium-free  water,  215 
Sodium,  serum 

as  index  of  concentration  in  volume 
disturbances,  208 
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in  calculation  of  water  deficit,  49/ 
in  newborn  infants,  120 
normal  values  of,  120  . 

Sodium  sulfate,  intestinal  dialysis,  solu¬ 
tion  for,  550 
Solids  balance 
measurement  of,  571 
water  balance  calculation  in,  S4-So 
Solutes 

effect  of  nondiffusibility  on  water 
transfers,  7 

effect  of  water  excretion  on,  495,  496 
range  of  tolerance,  495,  496 
units  of  measurement,  118 
Solutions,  repair 

composition  of  extracellular  tj' pe,  o30- 
531 

emergency  salt  solution,  524,  525 
gastric  type,  524,  527 
gastrointestinal  523-527 
intravenous,  contraindications  and 
hazards,  529 
technic,  528 
jej  unal 

Moore’s  formula  D.  524,  527 
Protolysate®,  524,  527 
large  or  small  intestinal,  524,  527 
oral  and  gastric,  523-527 
Dextri -maltose,  524-526 
dialyzed  milk,  524-526 
fruit  juices,  524-526 
ginger-ale,  524-526 
high-fat  low-K,  524,  527 
milk,  524-526 
Protenum®,  524,  527 
Sustagen®,  524,  527 
tea  and  coffee,  524-527 
water,  526 
parenteral 
acacia,  534,  540 
acidifying  solutions,  530,  536 
albumin,  concentrated  salt-poor, 
534,  540 

alkalinizing,  530,  536 
ammonium  chloride,  530,  536 
blood  and  plasma  expanders,  534,  540 
Butler’s  multiple,  533,  539 
Butler’s  solution,  533,  538-539 
casein  hydrolysates,  534,  539-540 
combined  extracellular  type,  530,  537 
combined  extracellular-intracellular 
type,  533,  538-539 
concentrated  ampules,  542 
Harrow’s  solution,  533,  538 
dextran,  534,  540 
dextrose  in  water,  529,  534,  535 
fat  emulsion,  534,  539 
fructose,  534,  539 
gastric  fluid  replacement,  530,  537 
gelatin,  534,  540 

Hartman’s  saline-lactate,  530,  537 
hydrochloric  acid,  536 


hypertonic  sodium  chloride,  530,  535 
536 

hypotonic  sodium  chloride,  530,  536 
in  high  potassium-low  sodium  alka¬ 
losis,  532,  538 

intestinal  fluid  replacement,  530,  537 
intracellular  and  total  fluid  therapy, 
532-533,  537-539 

nutritional  and  caloric  requirements, 
534,  539-  540 

packed  red  cells,  534,  540 
physiological  sodium  chloride,  530, 
535 

pooled  plasma,  534,  540 
potassium  acetate,  532,  538 
potassium  chloride,  532,  538 
potassium  phosphate,  532,  538 
polyvinylpyrrolidone,  534,  540 
Ringer’s,  530,  537 
Ringer’s  lactate,  530,  537 
sodium  bicarbonate,  530,  536 
sodium  chloride-bicarbonate  with 
dextrose,  530,  537 
sodium  lactate,  530,  536 
sodium  lactate  and  calcium  glu¬ 
conate,  530,  537 
subcutaneous  route,  541 
Talbot’s  multiple,  533,  539 
whole  blood,  534,  540 
sugar,  524-526 

use  of  extracellular  type,  529,  535-537 
Specific  gravity 
in  measurement  of  body  fat,  95 
related  to  body  water,  80-81 
Starling’s  equilibrium,  7,  12 
Starvation 

acetone  accumulation  in,  157 

body  composition,  95-97 

cholesterol  in,  158 

extracellular  fluid  in,  158 

fat  metabolism  in,  157 

insensible  loss,  163 

liver  glycogen  in,  157 

protein  metabolism  in,  157 

range  of  chloride  deficit,  498,  506 

range  of  nitrogen  deficit,  504,  510 

range  of  potassium  deficit,  504,  510 

range  of  sodium  deficit,  499,  508 

range  of  water  deficit  ,  498,  506 

release  of  cell  potassium  in,  157 

renal  conservation  mechanisms  in,  157 

serum  albumin  in,  158 

stools  in,  163 

transfers  of  potassium  in  therapy  of, 
227 

urea  accumulation  in,  157 
urine  solution  in,  163 
with  sufficient  water,  157 
Steady  state 

adaptive  mechanism  of  osmoregulation 
in,  42 

and  oscillations,  24-26 
of  body  fluid  dynamics,  27 
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Steady  state — cont. 
role  in  self-regulation,  24 
total  osmolarity  and  ions  of  inverte¬ 
brates  in,  50 
Steatorrhea 

calcium  deficit  in,  483-485 
phosphate  deficit  in,  483-484 
Steroids:  see  Adrenocortical  steroids 
Stool :  see  Feces 

Streptodornase  in  fluid  therapy,  544 
Stress,  water  requirement  during,  495 
Stretcher-scale 
described,  570 

use  in  ultrafiltration  by  artificial  kid¬ 
ney  in.  558 

Subcutaneous  fluids:  see  also  Hypoder- 
moclysis 

measurement  of  exchanges  with  radio¬ 
active  sodium,  94 
Succus  entericus,  18 
Sucrose 

use  in  determining  extracellular  vol 
ume,  77-80,  117 

volume  of  distribution  technic,  76 
Sugars:  see  also  Carbohydrate  metabo¬ 
lism,  Glucose 

composition  and  use  of  solutions  for 
oral  fluid  therapy,  524-526 
use  as  a  diuretic,  224 
Sulfate 

atomic  radicular  weight,  591 
distribution  in  marine  invertebrates, 
47 

in  chemical  evolution  of  ocean,  39-41 
intestinal  in  marine  mammals,  50 
intolerance  of,  in  sea  water,  59 
renal  tubular  transfers  in  the  teleost 
aglomerular  kidney,  45 
space, 77-80 

Sulfonamides,  use  in  determining  extra¬ 
cellular  volume,  117 

Supra-optico-hypophyseal  system:  see 
Osmoreceptors 
Surgery 

adrenal  cortex  in,  456 
in  depleted  patients,  457 
metabolic  changes  following,  456 
potassium  deficiency,  461 
shock, 464 

use  of  potassium,  459 
use  of  sodium,  459 
water  exchange,  458 

Sustagen®,  composition  and  use  in  oral 
fluid  therapy,  524-527 

Sweat 

acclimatization,  54 
acclimatization  to  heat,  56-57 
adrenal  cortical  control  of,  146_ 
adrenocortical  activity,  20,  167 
as  a  factor  in  water  balance,  495 
electrolyte  content  of,  139,  167 
effect  of  fever  on,  493 
effect  of  heat,  56 


heat  loss  in,  19 
in  balance  technic,  574-575 
in  tropics,  167 

increased  extrarenal  water  loss,  493 

nitrogen  losses  in,  139 

range  in  hot  environment,  54 

regulation  of,  19-20 

salt-free,  desert  burro,  53-54 

salt  loss  in,  19 

sodium  deficit  in,  57 

Talbot’s  multiple  electrolyte  solution 
533,539 
Teleost  fishes 
evolution  of  marine,  43 
fresh  water,  43 

osmoregulatory  mechanisms  of  fresh¬ 
water  and  marine,  45,  48-50,  51 
total  osmolar  concentrations  in  body 
fluids  of,  44 

Testosterone,  effect  on  potassium  trans¬ 
fers,  181 
Tetany 

calcium  deficit  in,  483-485 
in  metabolic  alkalosis,  515,  516 
in  respiratory  alkalosis,  269,  480 
magnesium  deficit  in,  485-487 
phosphate  excess  in,  483-484 
Thermodynamics 
equilibrium,  4 
in  self-regulation,  24 
of  open  system,  13-16 
second  law  of,  4 
Thiocyanate 
space,  77-78 

in  calculation  of  body  composition, 
95 

in  calculation  of  sodium  require¬ 
ment,  502 
in  infants,  77 

use  in  determining  extracellular  vol¬ 
ume,  117 
Thiosulfate 
space,  77-80 

average  adult  extracellular  fluid,  96 
use  in  determining  extracellular  vol¬ 
ume,  117 
Thirst,  57-62 
and  appetite  centers,  26 
clinical  description  of,  57 
in  dehydration,  159,  476,  477 
intracellular  dehydration  in,  58-60 
ordeals  of,  57 

related  to  antidiuretic  hormone,  24 
role  in  volume  regulation,  24 
Thyroid 

hyperthyroidism 
cardiac  output  in,  343 
electrolyte  changes  in,  405 
insensible  water  loss  in,  405 
plasma  volume  in,  405 
total  body  water  in,  405 
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ionization  of  magnesium  in  plasma, 
487 

myxedema 

character  of  edema  in,  406 
diuresis  in,  406 
fluid  compartments  in,  406 
magnesium  in,  406 
serum  proteins  in,  406 
Thvrotropic  hormone,  source,  404 
Tierra  del  Fuegans,  adaptation  to  cold, 
55 

Tissue  analyses 

biopsies  for  fluid  distribution,  94 
Gibbs-Donnan  factor  in,  70-71 
in  study  of  body  fluid,  68-74^ 
noncollagenous  nitrogen  in,  70 
point  of  reference,  69-72 
skeletal  muscle,  in  congestive  heart 
failure,  100 
skeletal  muscle,  69-72 
studies  of  deficits  in  body  fluid,  498, 
499,  504,  506,  508,  510 
Tissue  metabolism  in  vitro 
of  liver,  73 
of  rat  diaphragm,  73 
of  renal  cortex,  73 
Titratable  acid 
definition,  253 

urinary,  in  calculation  of  hydrogen 
transfers,  88 

Total  C02  content:  see  also  Serum  total 
C02  content,  Bicarbonate,  Pcoj  , 
Carbonic  acid,  Anion -cation  bal¬ 
ance 

Total  ionic  concentration  of  sea  water 
contrasted  with  human  extracellu¬ 
lar  fluid  and  urine,  59 
Total  osmolar  concentration 
determined  by  sodium,  79 
of  body  fluids  of  vertebrates  and  in¬ 
vertebrates  compared  with  sea 
water,  44 

Transcellular  fluids 
defined,  SO 

measurement  by  isotope  turnover,  94 
Transfer,  fluid:  see  Fluid  transfer 
Transfusion,  intra-arterial,  543 
Transfusion  reaction,  292 
Traumatic  shock,  and  acute  renal  fail¬ 
ure,  561 

parenteral  fluids  for,  540 
use  of  emergency  oral  salt,  524-525 
Tritium  oxide  space,  77-78,  80-81 
Tubular  necrosis:  see  Acute  tubular 
necrosis 

Tubular  reabsorption 
action  of  antidiuretic  hormone,  141 
in  cirrhosis,  364 
in  congestive  heart  failure,  344 
Turnover 

daily  net,  of  body  fluid  constituents, 
494 

defined,  11 


Ultrafiltration 

by  artificial  kidney,  552-553,  556,  558- 

560 

in  treatment  of  intractable  edema,  562 
of  plasma  and  interstitial  fluid,  79-80 
Urea 

impermeability  of  gills  of  elasmo- 
branchs  to,  44 

in  congestive  heart  failure,  351 
in  osmoregulation  elasmobranchs,  44- 

45 

mechanism  of  action,  224 
renal  excretion  of,  in  mammalian  kid¬ 
ney,  47 

renal  tubular  reabsorption  in  elasmo¬ 
branchs,  44 

uric  acid  replacement,  46 
use  as  diuretic,  224 
volume  of  distribution,  95 
Urea  clearance 
by  vivodialysis,  552-553,  555 
in  acute  renal  failure,  295 
Uremia:  see  also  Itenal  failure 
clinical  signs,  271 
in  osmoregulation,  48-50 
metabolic  acidosis  in,  270,  271 
physiologic  osmoregulatory  mecha¬ 
nism,  44-45 

range  of  chloride  deficit,  498,  506 
range  of  nitrogen  deficit,  504,  510 
range  of  potassium  deficit,  504,  510 
range  of  sodium  deficit,  499,  508 
serum  electrolytes,  271 
treatment  of  chloride  deficit  of  vomit¬ 
ing,  515-517 

treated  by  vivodialysis,  556,  558-559, 

561 

Uric  acid 

excretion  in  birds  and  reptiles,  46 
in  osmoregulation,  49 
in  water  conservation,  46 
Uricotelic  habitus,  in  adaptation  to  air, 

46 

Urinary  output:  see  also  Kidney 
regulation,  140 
role  of  adrenal  cortex,  140 
role  of  anterior  pituitary,  140 
role  of  hypothalamus  in,  140 
role  of  posterior  pituitary  in,  140 
Urinary  sodium:  see  Sodium 
Urine 

ammonium  excretion,  253 
daily  minimum  volume,  188 
excretion  of  extra  cation,  255 
free  acids  in,  253 
in  acute  renal  failure,  294 
in  metabolic  acidosis,  480 
in  metabolic  alkalosis,  480 
in  respiratory  acidosis,  480 
influence  of  total  solute  load,  188 
pH,  253 
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Vasoconstriction,  peripheral,  in  cold 
adaptation,  55 

Venous  obstruction  in  sodium  excess 
476,  478 

Venous  pressure 
role  in  cardiac  output,  344 
role  in  congestive  heart  failure,  342 
Viscera,  fluid  distribution  in,  8 
Verney  s  osmoreceptors:  see  Osmorecep¬ 
tors 

Vertebrate  species,  evolution  and  habi¬ 
tus,  43 
Vitamin  1) 

calcium  excess  in  high  intake,  484,  4S5 
effect  on  calcium  and  phosphorus  me¬ 
tabolism,  150 

intoxication,  as  cause  of  renal  failure, 
319 

resistance  to  in  tubular  dysfunction, 
324 

Vivodialysis:  see  Artificial  kidney 
defined,  549 

extracorporeal  hemo-,  551  562 
gast  rointestinal,  5451-551 
use  of  sodium  chloride  and  dextrose 
solutions,  550 

sodium  sulfate  solution  for,  550 
peritoneal 
complications,  551 
discussed,  551 
solutions  for,  557 
types,  307,  549 
types  of  membranes,  54!) 
use  in  acute  renal  failure,  307,  561 
use  in  hepatic  coma,  367 
use  in  potassium  intoxication,  231,  561 
use  in  uremia,  313,561 
Volume  of  distribution 
measurement  of  extracellular  fluid, 
76-78 

measurement  of  plasma  volume,  76-78 
measurement  of  red  cell  mass,  76-78 
measurement  of  total  body  water, 
76-78 

of  antipvrine,  77-78,  80-81 
of  bicarbonate, 79 
of  bromide,  77-79 
of  chloride,  77-80 
of  deuterium  oxide,  77-78,  80-81 
of  K  vans’  blue  dye,  T-1824,  76-7!) 
of  inulin,  77-80 
of  mannitol,  77-80 
of  radioactive  chloride,  77-79 
of  radioactive  iodine-tagged  albumin, 
76-79 

of  radioactive  sodium,  77-79 
of  radioactive  sulfate,  77-80 
of  raffinosc,  80 
of  sodium,  77-80 
of  sucrose,  77-80 
of  sulfanilamide,  80 
of  sulfate,  77-80 
of  thiocyanate,  77-79 
of  thiosulfate,  77-80 


of  thiourea,  80 
of  tritium  oxide,  77-78,  80-81 
of  urea,  80 
technic,  74-76 
constant  infusion,  75-76 
single  injection,  74-75 
Volume  disturbances 
effect  of  sodium  chloride  on,  214 
effect  of  water  restriction  on,  214 
Volume  receptors  in  body  fluid  regula¬ 
tion,  140 

Volume  regulation 
adrenocortical  hormones  in,  23 
antidiuretic  hormone  in,  23 
cardiac  output  in.  23 
cellular  hydration  in,  23 
central  nervous  svstem  disturbances 
in,  23 

effective  pathways  of,  23 
extracellular  fluid  volume  in,  23 
interstitial  volume  in,  23 
intracranial  volume  in,  23 
intrathoracic  pressure  in,  23 
plasma  volume  in,  23 
receptor  areas  23 
relation  to  thirst,  24 
role  in  peripheral  tissues,  24 
venous  pressure  in,  23 
Vomiting 

chloride  losses  in,  209 
hypochloremia  in,  163 
hypokalemia  in,  163 
hyponatremia  in,  163 
metabolic  alkalosis  in,  163 
potassium  and  sodium  transfers  in,  209 
potassium  deficiency  in,  209 

Water:  see  also  Body  water 
active  transport,  93 
conservation  by  uric  acid  excretion,  46 
daily  net  turnover,  493,  494 
diffusibility,  7 

distribution  in  extra-  and  intracellular 
phases,  7 

distribution  in  plasma  and  interstitial 
fluid,  7 

environmental  fitness  for  life,  37 
erythrocyte  transfers  of,  72-73 
excretion 

effect  of  solute  administration  on, 
495,  496 

maximum  limits,  495,  496 
minimum  limits,  495,  496 
regulation  of,  22 
extracellular  body  content  ,  494 
extra-renal  losses  by  marine  mammals, 
51 

extra-renal  losses  in  balance  technic, 
574-575 

fecal  excretion  bv  marine  mammals, 
50-52 

free  diffusibility,  79 
gastrointestinal  tract  exchanges,  18_ 
in  osmoregulatory  mechanism,  48-50 
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insensible  loss,  19  . 

insensible  loss  in  balance  technic,  o/4 

intracellular  body  content  of,  494 
preformed  in  desert  mammals,  5.4  54 
range  of  tolerance  to,  495,  496 
regulating  mechanism,  26  2/  _ 

renal  excretion  in  marine  mammals,  51 
renal  reabsorption  in  collecting  ducts, 
52-53 

requirements  for  heat  loss,  493,  495 
restriction  in  acute  renal  failure,  304 
serum 

calculation  of  serum  protein  concen¬ 
trations  from,  85  _ 

calculations  in  tissue  analysis,  70  /1 
skeletal  muscle  content^ of,  70-72 
tissue  analyses  of,  69-72 
transfers  in  diabetic  acidosis,  376 
transfers  related  to  osmotic  pressures, 
133 
urinary 

factor  in  water  balance,  495 
factors  determining  amount.  495 
vaporization  (see  also  Insensible  water 
loss),  56 
and  heat  loss,  19 
conservation  in  birds,  46 
daily  range,  493,  495 
factor  in  water  balance,  495 
from  lungs,  19 
from  skin,  19 
in  castaways  at  sea,  59  62 
in  desert  and  marine  mammals  and 
marine  birds,  51,  52-54 
in  environmental  extremes,  54 
Water  balance 

body  weight  in  calculation  of,  84-85 
carbohydrate  in  calculation  of,  84-85 
comparative  physiology  of:  see  Osmo¬ 
regulation 

discrepancies  with  cation  balance,  91- 
93 

effect  of  heat,  55-56 
factors  in  maintenance,  495 
fat  in  calculation  of,  84-85 
in  desert  animals,  52-54 
in  polyuria  of  acute  renal  failure,  307 
maintenance  by  fish  ingestion,  60-62 
measurement  of,  571 
oxidation  water  factor  in,  497 
protein  in  calculation  of,  84-85 
racial  characteristics  of,  55-56 
solids  in  calculation  of,  84-85 
Water  deficit:  see  also  Dehydration 
body  weight  change  in  calculation  of, 
497 

changes  in  fluid  compartments  in,  208 
due  to  subcutaneous  hypertonic  so¬ 
dium,  541 
fever  in, 476, 477 
hemoconcentration  in,  476,  477 
hypernatremia  in,  476,  477’ 


in  vomiting,  165 
in  water  deprivation,  4/6__ 
loss  skin  turgor  in,  476,  477 
methods  of  calculation  of,  49/,  500 
oliguria  in,  476,  477 

range  in  adrenocortical  insufficiency , 
498,  506  .  .  (no 

range  in  clinical  conditions,  49/ ,  498, 
506 

range  in  diabetic  acidosis,  498,  506 
range  in  gastrointestinal  fluid  loss,  498, 
506 

range  in  starvation.  498,  506 
serum  sodium  concentration  in  calcu¬ 
lation  of,  497 

signs  and  symptoms  of,  476-478 
sources,  208 

therapy  with  dextrose  solutions,  529, 
535 

thirst  in,  476,  477 
weight  loss  in,  476,  477 
Water  deprivation:  see  Water  deficits 
Water  excesses:  see  also  Water  intoxica¬ 
tion,  Overhydration 
adrenocortical  regulation  of,  198 
as  a  diuretic,  223 
coma  in,  476,  478 
convulsions  in,  476,  478 
danger  of  electrolyte  depletion,  199 
due  to  excessive  fluid  administration, 
476,  478 

edema  in,  476,  478 

effect  of  antidiuretic  hormone  with, 
142,  208 

effect  on  osmoreceptors,  142 
expansion  of  fluid  phases  of,  208 
hyponatremia  in,  476,  478 
hysterical  drinking,  198 
in  acute  renal  failure,  304 
in  acute  tubular  necrosis,  199 
in  anuria,  208 
in  cirrhosis,  364,  366 
in  congestive  heart  failure,  345 
in  hyposthenuria,  223 
in  therapy  of  potassium  excesses,  227 
in  water  intoxication,  224 
muscle  cramps  in,  476,  478 
range  in  congestive  heart  failure,  498, 
506 


renal  regulation  of,  198 
signs  and  symptoms  of,  476-478 
therapy  in,  214,  366 
use  of  sodium  chloride,  214 
use  of  vivodialysis  in,  214 
water  restriction  in,  214 
Waterhouse-Friderichsen  syndrome,  418 
Water  intoxication:  see  also  Water  ex¬ 
cesses 

body  solute  stores  in,  199 
in  “pure”  electrolyte  depletion,  199 
in  salt  depletion,  177 
symptoms  of,  199 
Water  loads:  see  Water  excesses  . 

Water  loss:  see  Water  deficits 
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Water  of  oxidation 
effect  on  water  requirements,  302 
factor  in  water  balance,  303,  497 
in  acute  renal  failure,  302,  303 
in  desert  animals,  52 
in  marine  mammals,  51-52 
insensible  water  loss,  303 
role  in  starvation,  161 
Water  retention:  see  Water  excesses 
Weak  acid,  definition  of,  242 
Whale,  osmoregulation  in,  50-52 


Whole  blood,  parenteral  use  of,  534,  540 
Wilson’s  disease,  amino  aciduria  in,  325 

Xanthines 
as  diuretics,  225 
pharmacologic  effects,  225 
“X”-fraction 
definition,  117 
in  acute  renal  failure,  299 
in  diabetic  acidosis,  374,  377 
levels  in  congestive  heart  failure,  347 

Zona  glomerulosa,  414 
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